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FOREWORD

() This technical report summarizes regearch performed for the Office of
¥aval Research, Arlington, Virginia under USN Contract NO0GQLl4~72~C-0222, modifica-
tion No. PO00OL, identified as ONR Task HR 212-210.

() The USN Sclentific Ufficer is CDOR W. F. Greene, Vehicle Warfare
Teehnology, Code ONR-411.

(U) The specific effort reported herein includes all tasks perforwed in the
contract extension period from 13 March 1973 to 31 December 1973, Volume I,
Program Overview, provides a summary of principal program findings, and Volume II,
Technical Report, presents a detailed discussion of all phases of the program
during this contract extension period.

{U} The tasks performed in the initial comtract period from 15 March 1972 to
15 March 1973 were discussed in two volumes of Report MDC AlG59, Volume I being
the "Quiet Attack Alrcraft-Program Overview'" (DDC #aD525774~L) and Volume [T was
the "Quiet Attack Aircraft-Technical Report" (DDC #AD524801-L).

{U) Quiet Attack Aircraft program activities are conducted within the
McDonnell Airecraft Company {MCAIR) Advanced Systems Concepts project. This
project is directed by Mr. C. V. Dresser, Manager of Advanced Systems Concepts,
and is an element of MCAIR Advanced Engineering, directed by Mr. H. D. Altis.
Director, Advanced Engineerinp. The Quiet Attack Alrcraft study team is managed
by ¥r. C. A. Mohr, Assistant Project Englneer.

(U) Other principal contributors for the propram elements reported here are:
J. E. Augustus-Weights, R. W. Holzwarth-Design, H. §. Littlepage-Aerodynamics,
R. H. Livingstone-Visual Signature, G. C. Matlock-Acoustic Naise, D. §. McCormack=
Infrared Signature, J, G. Rose-Radar Cross Section, and N, F. Sullivant- Propulsion.
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ABSTRACT

(U} YVolume I, Program Overview, and Volume II, Technical Report, cover the
studies parformed for the Office of Naval Research during the contract extension
period from 15 March 1973 to 31 December 1973 on a gulet attack carrier-based air-
craft beving low signatures. Studies performed during the imitial contract perilod
from 15 March 1972 to 15 March 1973 were discussed in two volumes of Report MDC
41659, Volume I being "Quiet Attack Alreraft — Program Overview" (DDC FADS25/74~L)
and Volume I was "“Quiet Attack Alreraft - Technical Report" (DDC #ADS24801-L).
Techaiques are described for achieving significant reduction in acoustic nolse,
infrared signature in both the 1.7-5 and the 8-14 micyon spectral bands, radar
cross section, and visual sfiguature. At all speeds up to maximum in the high sub-
gsonic region, propulsion noise is made less dominant than aevodynawlc noise by the
use of a high bypass tip-driven fan propulsion system with duct acoustic treatment.
The benefits of low signatures in reducing enemy capabllitles are discussed. Weapon
delivery is analyzed and shown to be feasible for a wide range of speed and payload.
Design is based on near ternm technology.
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1. INTRODUCTION AND SUMMARY

(U} The objective in this prograw has been %o explore the initial technical
feasibility and potential operational values of a covert quiet attack caxrier baged
aircraft for Navy/Marines Corps missions, which minimizes detectable acoustic,
infrared, vadar, and visual sigunatures with wminimum compromlses in silze, weight,
performance, aund carrier suitability. Emphasis has been on a practical aircraft
with significantly lower signatures which can effectively perform its mission,
rather than the unrealistic objective of absolute minimum aignatures.

mpfelyyring the initial contracc pexlod, as reported in Reference (1), a
design evolution tock place, Figure 1-1, to arrive at the Model 226-454A gquiet
attack alrcraft. This alrcraft had a 400 £t wing of aspect ratio & to reduce
wing loading for low sevodynamic noise, and the propulslon system consisted of a
scaled GE 1/10 gas generator powering twe tip driven fans to reduce propulsion
noise as well as 3~5 micron IR signature. Radar cross section was reduced by such

techniques as exterior shaping and the use of radar absorbing material (RAM) in
the Inlet and exhaust ducts.

e IGURE 1-1
DESIGN EVOLUTION

Low Npise and IR Alrcraft
TOGW = 13,990 Ib

Baseline Aircratt
TOGW = 11,800 [b

ol
J'.-‘ ." e . A /

Quiet Artack Aireraft
TOGW =14 410 1b

inittal Low RCS Aijrcraft
TOGW = 14,820 1h

Y MCDONNELL AINCRAFY COMPAN . NPT EN T
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wods In the contract extenslon period reported herein the specific objectives
have been:

o Design refinement to increase wing 1ift and to use existing hardware for
the propulsion gas generator

o Analysis of the feasibility of weapon delivery at low quiet speed at
low altitude

o Alternate mission capabilities with large external bomb payloads and
ferry flight

o Reduction of visual signature and IR signature in the &~14 micron band
used by ground-based FLIR sensors.

e The current quiet attack aircraft resulting from these latest studies is
Model 226-458, illugtrated by Figure 1-2. In outward size and appearance this
aircraft is nearly identical to the previous Model 226-454A, except that Visual
Radiation Source (VRS) lights have been added to the wing and tail leading edges
and the fuselage nose, Figure 1-3, to reduce visual signature. Internally, two
tip—-driven fans are still used In the propulsion system but the gas generator is
now the core from the TF~34 turbofen currently in production for the 5-3A and
other aircraft.

= riGURE 1.2 T
QUIET ATTACK AIRCRAFT
Modei 226-458

Two Tip-Driven Fans

TOGW ......... ... ... 16,6301{b
WingArea . .......000.n 400 12
Takeoff Thrust/Weight . ... .... 0.36

56.6 ft

16.6 f1

- A

44.6 f M-_—_*i P plioa 1

(=)
-
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—=SHFIGURE 13
POSSIBLE VRS ELEMENT LOCATIONS

=68y= Attempts were made to increase the maximum 1ift coefficdent of the wing
by using a high Lift airfoll developed by Dr. Liebeck of pDouglas Aireraft, but it
was found that the drag would be prohibitive at low 1ift coefficients. However,
wind tunnel tests by WASA Langley and others show that wing maximum 1ift
coefficient Is appreciably increased when the leading edge is continued forward
rlong the fuselape side #s a strake. This is simlilar to the cusps ox fillets which
are used to blend the wing into the fuselage nose of the guiet attack alrcraft to
raduce radar cross section. Further analysis and data correlation has now shown
that the quiet attack aircraft also experiences a similar maximum lift coefflecilent
incyease, which awounts to apn Locrement of 0.4 without flaps over a conventional
wing planform for the same airfoll sectlon. Because of the higher 1ift coefficient
available, the use of a smaller 350 ft? wing was investipated. but after perform-
ance and signature comparisons the 400 ftI wing was retained. Thus the external
shaping concept of Figure 1-2 produces both radar cross section and aerodynamic
benefits, and alsc could be applied to other alrcraft,

——f@y—0n Model 226~458 the internal fuselage bomb bay has been retained for
carrying two 500 1b bombs on a guiet mission, but provisions have also been made
for carrying eight 1000 1b bowbs or six 2000 lb bombs externally under the wings on
conventional missions where low signatures are not as critical. the aircraft's
weights and performance are tabulated in Figure 1-4 for the quiet wmission, con-
ventional missions, and ferry flight. The mission profiles used for the quiet
(design) mission and the conventional missions are illustrated by Figure 1-5.

mi@mm Mission radius comparisons with the same internal fuel for the two
conventional missions in the second and third columng of Flgure l-4 and the guiet
mission in the first column show substantial increases in radius on conventlonal
missions in spite of increased weipht and drag. This is due primarily to much
better specific fuel consumption at optimum speed/altitude. Ovorseas ferry flight
capablility without external fuel tanke is also indicated by the last two columns.
Since external fuel tanks are not required, the entire wing 1is made available for
armament or other stores on conventional combat missions.

3 migde= The other performance data in Figure I-4 shows the alrcraft is comparable
b - to many existing conventional attack aireraft, while having the additional unique
capability of performing a covert mission when low signatures are essential, [t
should also be noted that the catapult, arrestment, landing, and takeoff perform-
ance, which is enhanced by the low wing loading and hiph Ci, could be made cven

" more attractive hy the addition of flaps.

1-3
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MODEL 226-3568 WEIGHT AND PERFORMANCE
No Flaps
|§;:;g?;1; External Borobe (2} Farey Flight
Internal 150 Get. in
2500 b 81080 b 82000 h Fuel Onty Bomb Bay
Weights
TOGW b 18,530 23435 21,275 15,310 16,635
Fuel ib 4615 BB
Weight Empty b 10,270 10,513 10.390 14,270 10,270
Performance
Mission Radius nm 400 725 660 2,520 3,010
Max Speed at 2603 f1 kts 445 385 366 - -
Initial Climb ft/min 4,960 2,885 2,250 - -
Catapult WOD .
Standard Uay kts —-48 -13 +4 - -
Tropical Day kts —44 -8 +9 - -
Arrestment WOD
Standard Day kts -56 ] -56 - -
Tropicat Day kts —53 ~53 ~-53 - -
* Takeoff Ground Run
Standard Day ft 1,525 3,330 4,795 1,300 1.550
Tropical Day ft 2,330 5,175 7,450 1,880 2,370
Landing Ground Roll
Standard Day ft 720 730 725 720 728
Tropical Day it 770 780 77% 770 K-
Sustained Turn Badius
At 300 Knots ft 1.445 2,560 3,340 - -
Minimum Ft B25 1,280 1,568 - -

{11 Guiat mission st 11% knote, 2500 ft altituda.
(2) Conventional missions at GRtlmum spead/altilude.

mfgiems The weapon delivery studies reported in Section 4 are all based on a
quiet mission, where penetration and target approach is at a qulet speed of 112
kuots at 2500 ft above ground level to minimize both noise and IR signatures. It
is shown that target acguisition by the aircraft's FLIR sensor and bomb release
can be made on the same pass. After tarpet identification at a ground ranpe of
25,000 £t the aircrafct has the acceleration to reach a speed of over 300 knots at
bomb release, and the on~board laser desipnator eliminates any need for another
PAC aircraft to illuminate the target for laser guided bombs. At the higher bomb
releage speeds the aircraft's low wing loading anu good thrust-to-weight ratio give
it a tight turn radius, for Jinking or bomb Fragment aveldance, which is less than
half the turn radius of conventional attack aircraft such as the P-4 or A~7.

OFT4 Qoow 154

- i The use of VRS lights om the aircraft is considered feasible for forward
. . viewing aspects to reduce visual detection to a range of 7300 ft for daylight
E conditrions and even less for meonlight., VRS lights could also be used to minimize
'?j visual. detection for all aspect viewing angles in starlight, but are not considered
g necessary. Since an aireraft almost zlways appears to a ground obzerver as a dark
- object agalnst a brighter sky background, the liphts are used to minimize contrast
by replacing the sky brightness blocked out by the aircraft silhouette.

' , MODDNAELL AIRCRAET COMPANY “steReT—
1-4
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~8-FIGURE 1-6
ATTACK MISSIONE

Expend
Armarmernt

Cluiet Mission

x Conventional
/ / Missions

360 NM
\: "\

Quiet Speed
at 2600 ft
Drop Bombs
at 5000 ft \

V' {100-115 kt)

100 N

Optimum Speed x
and Altitude

Optimum Speed and Altitude

/

o

o Nctection of the aircraft in the 8-14 micron bandwidth used by a ground-
based FLIR sensor can be reduced to less than a mile by use of an extericr surface
coating having an emissivity of 0.6. This is for clear night conditions when the
aircraft is approaching at its quiet speed of 115 knots ar 2500 {t. Because of
the scarcity of data on an aircraft's 8-14 micron IR signature, the work described

in Section 8 iLs considered to be a significant advancement of the analysis for this
gpectral reglon.

el 1 the 1.7-5 micron IR spectral band, which {s used by heat-seecking
missiles, substantial reductioen has been made In aireraft IR signature by the use
of a high bypass propulsion system and a plug nozzle to hide hot metal from direct
view, IR signature and detectability increase with speced, duc to acvedynamic
heating of exterior surfaces and higher thrust producing higher exhaust pas
temperature. The effects of speed on the tracking capabilities of the Soviet SA-7
STRELLA missile or the U.§S. REDEYE missile are {llustratod by Figurc 1-~6. The
STRELLA contours are for the same alrcraft speeds as noted for the REDEYE, and
each contour represents a 51gnal~to—noiae (§/M) ratio of 3. This is censldered the
winimum S/N ratio acceptable by the Fletector in the missile to permit it to track
the aircraft, The distance below the aircraft for a given contour thus rupresvants
- the minimum height above ground level (ACGL) that the aircraft could be to avoid
g - being tracked and fired upen by the particular missile, At a low speed of 150 knots
the quiet anttack aircraft could be as low as 200 ft AGL without being tracked by
the STRELLA, but at mauimum speed of 445 knots it would Lhave to stay at least

3 1300 £t AGL. Fur the same speeds the minimuem AGL heights arve greaber, at 1300 and
A MCOONNELL AIRCRAFY COMPANY B 10014
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4300 Ft. respectively, for the REDEYE, and the alrcraft at 2500 ft ACL would have
to keep its speed below 350 knots, In any event, these minimum heights AGL are
substantially less than they would be with turbojet or low bypass turbofan propul-
sion.

S4-7 Strelia {SFIGURE 1-6
8 MISSILE TRACKING RANGE LIMITS
-

2
£ 0 2 4 6 8
o
8
% Redeye
2 00 ~
-] h o)
: o :C":';"N"\ e
o iy ™
, = 2B ST Tl
8 A ’)350 P
g B 400 ™|
5 _
a8 , Pgh - 445

Airceaft Specd - kls—/
6 I
0 2 4 ] 8 190 §2 14 18 18 20 22
Dislance Behind Alrcraft - 1000 f1 GP14 0009 156

——fé9~= Due to nearly identical size, shape, and other radar cross scction (RCS)
reduction features, the RCS values as a function of radar frequency and viewing
aspect are considered the same for Model 226-~458 as they were previocusly for
Model 226-~454A, At X-band frequency of 9.2 Gilz and for a head-=on viewing aspect
the RCS of the quiet attack aircraft Is only u.3 square meters, which is only about
1% of that for the F—4, and similar major RCS reductions have been made for other
viewing aspects and frequencies. However, although it is virtually impoasiblce Lo
reduce RCS to the point where the ajircraft cannot be detected, the real pavofi
of low RGS comes when ECM is used. In Section 6 it is shown that when the quiet
attack alreraft carries an existing ALQ-11Y9 LCM pod it can approach a Soviet
FANSONG E radar head-on and jam it until the radar burnthrough range of 1.6 nm
is renched. Since this is less Lhan the minimum lzunch range of the S5a-2 missile,
the SA-2 kill probability would be significantly reduced.

e e cause of the different maximum 1ift coefficient, weight, and propulsion
system used on Model 226-458, the noise and acoustic detection ranges have bren
recalculated for a clean alrcraft without external stores. A method was developed
to estimate the oveiall nolse from external stores and pylons, but ne measurcd
duta was found to datermine che noise spectrum needed to evaluate acoustic deteclion
distance, Aerodynam!- noise is still more dominant than propulsioan noine at any
speed,  Compared to model 226-454A, the heavier weight of model 226-458 Lends to
increase noise but this is overcome by the higher 1ift coefficlent, resulting in
a lower quiet speed and less noise.

INCDONNELS. AIRCRAFT COMPANY 1ot S ]
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== Tn summary, the additional studies performed in this contract extension
period reconfirm the initial conclusion that an attack aircraft with good mission
capabilities and significantly reduced signatures is feasible, The speed and maneu-
verasbility of the quiet attack aircraft make it attractive for amother attack
mission, where it could act as a fast Forward Alr Control (FAC) aircraft. Im

addition, the teclniques for signature reduction could be applied to the design of
other new alreraft,
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2. DESIGN

mig¥= During the eoriginal contractual period an inirial quiet attack aircraft,
Model 226-454A illustrated by Figure 2-1, was developed after a series of parametric
studies. This aircraft featured a considerable amount of exterior ghaping to
reduce radar cross section, low wing loading and an internsl bomb bay to reduce
aerodynamic noise, and an internally mounted high bypass (6.45) propulsion system
with one gas generator and two tip-~driven fans to reduce both propulsiocn nolse and
IR signatures, A turrat-mounted 7,62 mm minigun was also provided but the turret
was made retractable to avoid the increased aerodynamic noise and radar cross
section of a protruding one. Because of the low wing loading mo high 1ift devices
were used.

== In this follow-on contractual period the quiet attack aircraft, Model
226-458 shown by Figure 2-2, was developed by retaining the same features, design
payload, and design mission profile as for Model 226-454A, but the scaled GEL/LIO
gas gensrator was replaced by the core gas generator from the TF=-34 engine., With
the same wing srea of 400 ft2 at an aspect ratio of 8, this propulsion system
change resulted in a bypass ratio of 5,0 and a somewhat heavier alrcraft which
still has attractive performance aml low signatures. A comparison of Fipures 2-1
and 2-2 shows virtually no difference in external dimensions and appearance.

mpgde The significant size and weight figures for the twe aircraft are tabulated
in ¥Figure 2-3. The higher wing leading and lower thrust loading for Model 226-438
would seem to indicate peorer performance than Model 226-4534A, but there are two
compensating factors which favor Model 226-458. One of these is a higher wing
maximum lift coefficient, discussed in Section 3. The other is higher thrust at
higher speeds for the TF-34 gas generator, as shown in the next sectiom.

2.1 PROPULSION SYSTEM COMPARISON

mwipiyemThe L1ip driven fans are practically identical in size and welight for
either the original scaled GEL/LD or the TF-34 gas generator. The differences
between the two propulsion systems are thus almost completely due to the different
gag generators. The GEL/10O uses more advanced teclmology which glves it a lower
weight of 270 1b compared to 875 1b for the TF-34 core gas generator. Other
characteristics are tabulated below:

Scaled

E GEL/10 TF-34

Pressure Ratio 1.5 1.5

| Max. SLS Ailrflow - 1b/sec 200.0 175.7

s Fan Tip Diameter = in. 25.0 23.0

g Turbine Tip Diameter - in. 27.5 28.2

3 GAS_GENERATOR

3 Compressor Pressure Ratio 15.8 15.5

g: Turbine Inlet Temperature - °F 2450 2166

4 Max, SL§ Airflow =~ 1b/sec 31,1 35.4

¥ Length - inm, 43,3 54.2

p Diameter - in. 16,4 28.9

-? MCDONN ILL AIRCRAFT COMPANY — BN N
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=PFIGURE 2-1
INITIAL QUIET ATTACK AIRCRAFT
Model 226-454A

2884

o 3% rla 120 1?01?7 2:|ao 242 3?2 380 4119;4’&y
: Q : i 1 :
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1
1
3
4
Physical Characteristics i
Wing Tail 5
{Exposed Trus} i
Sy  ftZ] 400 70
AR 8 6.2
Iy 0.35 ea3 :
b2 i | 3384 1745 T
Cgr in. 125.7 674 H
cr i a4 20.4
MAC  in. 21.45 48.3
Agyy  deg 2 21
Aarfoil NACAGSz-MS NACA-014
Ditiedral dey o 35
Prapuision
GE1/10)1(46%) Gas Gengrator

{2} Tip Driven Fen {23%) 1.5 R

Landing Gear

Nose:  18x 5.5 Type NIL Tire
Main: 20 x 5.5 Type MIT Tire

H ™ Armament
{1} GAU-281A 7.62 mm Minigun {1060 Round)
% (2) MK-2." Laser Bomb (611.0 b Each)
— or (1) MK-83 Laser Bomb {1158 ib)
E |
519 635
¥ 1
160187 230 242 332 360 419 480 7
- 1 H H H
P gt
ot g e AR
-y
Ll ]
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—FIGURE 2.2
QUIET ATTACK AIRCRAFT
Maodel 226-458

Unclassified

GPT4-0009-188
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: Taii{Expated
Wing True}
B #2 aun 70
M © 6.2
A 0.068 (The » 0.3
ft B6.59 19.1
b/2 in. 339,414 1148
Cp in, 108,23 87.4
Cr in.}] 61.6 (Theo} 204
MAC in. 81.8 483
56,6 £t 0
Aci2 o 21
Airfoll NACA632‘415 NACADIS
BGihedral o 35°
Propulsion
GE TF34 {Cora) Gas Generator
{2) Tip Driven Fans 1,8 Rg
Landing Gear
Moss: 18 x 5.6 Type VH Tire
Main: 22 x 6,6 Type VLl Tire
Armament
{1} GAU-ZB1A 7,682 mm Minigun
1000 Round
{2} £00 b Laser Bomb ar
{1} 1000 Ib Laser Bomb
1086t

== SONTBENT
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=t FIGURE 23
5 SIZE ANQ WEl(.Si'.iT COMPARISON
i Decign Mission/Payload
g Modet Madel
U 2264544 | 226458
. Wing Area #2 4g0 400
Aspact Ratio 8 8
Span t G6.6 565
Length ft 44.6 448
Height ft 1.1 10.8
Takooff Gross Welght it 14,410 16,630
Weight Empty ib 8,360 14,270
Fuel b 3,416 46156
Gas Conerator Waight b 270 876
Internal Bomb Load 1b 1222 1,222
Wing Loading at TOGW 35.0 41.3
Takeoff Thrust Loading 0.440 0.368

(C) The more advanced technolopy of the GE1/10 algo gives it better apecific
fuel consumption at the same quiet speed, which agecounts for most of the fuel
required. Figure 2-4 compares fuel flow of the two propuleion systems over the
ranges of thrust required.as shown by the solid lipes, for each aircraft from the
start to the end of quiet cruise, Maximum thrust and fuel flow at guiet speed oecur
at the start of the quiet cruise when each aircraft's weight and drag are highest
for the 300 nm outbound and 300 nm inbound quiet cruise. Even at the same thrust
the T¥-34 fuel flow is about 25% higher than the scaled GEL/10. This and the
higher thrusts required for the TF-34 alvcraft account for most of the difference
in mission fuel shown in Figure 2-3.

(C) HMaximum thrust of the two propulsion systems is shown for both sea level
and 2500 ft standard dav conditions by Figure 2-3, At low speed the higher thrust
of the scaled GE1/10 system, along with the aircraft lower weight, is responsible
for the better takeoff run and initial climb of Model 226-454A. On the other hand,
the hipher thrust above 200 knots at 2500 ft for the TF-34 accounts for the
higher maximum speed of Model 2206~-458.

2,2 WEIGHTS

(C) Figure 2-6 compares the weights of Models 226-454A and 226-458, when
both alreraft are carrying two 500 lb laser guided bombs in the Internal bomb
bay,and ‘uel is determined by the baslc ecovert migsion illustrated later by
Figure 2--8, Both alrcraft employ conventional aluminum alloy structure except
for tlie use of graphite epony skins for weight saving on the wing torque box,
allerons, tail surfaces, and fuselage bomb bay doors. Both aircraft also include
219 1b of radar absorbing material and 90 1b of acoustic treatment in the inlet and
;i exhaust dunts to redute radar cross section and propulsion noise, Model 226-458
includes an additional 150 1b in the elextrical system for the lighting system used
to reduce visual signature,

.3 MCDONNRLL AIRCRAFT COMPANY G EN Tl
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wiii=F {GURE 24
FUEL FLOW AT QUIET SPEED
112 Knots at 2600 Ft, S, = 400 Fi2
Alroraft
Welght
With TF-34
Start Cutbound Quiet Cruise 16,148
End Inbound Quigt Cruite 11,260
With Scaled GE1/10
Start Outbound Quiet Cruise 13,980
End inbound Quist Crulse 16,210
3
"
/“0’ ol
7
2
S / -
2 -
[T -
'g - "( | ™ -
o e e
" - (el Geﬂ‘o o -
5 /V
- /
a
i 5 6 7 B g 10 1
‘ Thrust Required - 100 tb Gl 24 ODDY 11
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| =&=FIGURE 2.5
MAXIMUM THRUST
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~“CrFIGURE 2.6
DETAIL WEIGHT COMPARISON
internal Bombs

Mocdel Model
226454A | 226468
Wing 1,770 1,865
Tail 243 243
Fuselage 2,866 2,866
Landing Gagr - Nasa 28 128
- Maln 457 475
Surface Controls 148 148
Engine Section 39 39
Propuision
Gas Gengrator 270 876
Fans (2) 302 anz2
Air Induction and Fan Exhaust 523 523
Lube and Coaling 10 10
Fuei System 252 280
Engine Controls 30 30
Auxitiary Drives and Starting 120 120
lastruments 125 126
Hydraulics 141 131
Electrical Py 420
Electronics 1,060 1,060
Armament 260 260
Furnishings 180 190
ECS 120 120
Auxiliary Gear 62 62
Contingency 184 168
Weight Empty 9,360 10,270
Crew 200 200
Crew Equipment 40 40
o 18 1B
Trapped Fuel 3b 46
Gun and Ammunition 120 120
Bombs 1222 1,222
Operating Weight Empty 10,9696 11,816
Fuel 3415 4615
Takeoff Gross Weight 14,410 16,531

GP ra S 167

mppmihile Model 226-454A was designed to carry only internal bombs, subse-
quent investigations of Model 226-458, as discussed in Section 3, showed that the
low wing loading and reasonably good thrust-to-weight ratio made it possibie to
carry much larger bomb loads externally with attractive performance. Consequently
the landing gear and wing of Model 226~458 include additional weight increments
for carrying up to six 2000 1b MK84 bombs on individual pylons under the wing.
Figure 2-7 tabulates the weights for Model 226-458 for the basic covert mission
with internal bombs and for two alternate missions with either elght 1000 11 MKHI
or six 2000 1b MK84 bombs on individual pylons. Note that the same amount of
internal fuel is used for all three wissions,

MCDOMNELL ANCRAPT COMPANY ]
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@ FIGURE 2.7 :
MODEL 226458 WEIGHT STATEMENT 3
3
Bomb Load 4
25001b | 81000(h | 6-20001h 3
{nternal Extarnnt Extarnal 3
Wing 1,865 1,885 1,886 §
Tail 243 243 243 3
Fuselage 2858 2,655 2,868 3
Landing Gear - Nose 128 i28 128 i
- Main 476 475 476 5
Surface Conitrols 149 149 140
Engine Section 39 3g a8 “
Propulsion ki
TF-34 Gas Generator 876 875 87% i
Fans {2} 302 302 302 .
Air Induction and Fan Exhaust 523 623 523 ' E
Lube and Cooling 10 10 10
Fuel System 280 280 280
Engine Controis 30 a0 30
Auxiliary Orives and Starting 120 120 120
instruments 126 125 125 ’
Hydraulics 141 141 141
Electrlcal 420 420 420
Electronics 1,060 1,080 1,060
Armament 260 505 380
Furnishings 190 190 180
ECS 120 120 120
Auxiliary Gear 62 62 62
Cantingency tgg 198 148
Waight Empty 10,270 10,515 10,390
Crew 200 200 200
Crew Equipmeant 40 40 40
Ot 18 i8 i8
Trapped Fuel 46 46 46
Gun and Ammunition 120 120 120
Bombs 1,222 7,880 11,844
Operating Weight Empty 11,918 18,819 22,658
Fuel 4616 48615 4,615
‘Takeoff Gross Weight 16,53 23.434 27,273
GFY4 QOO0 183
MCDONNELL AIRCRAPT COMPANY L Lt i A e o
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2.3 DESIGH CRITERIA
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(U) A key 'objective throughout this gtudy has been that the quiet attack
ai --raft be practical im design and have atvt{ractive operational capabilities for
ei r carrier or land bagsing., In many cases signaturs reduction, espacially
deruvdynamic noise reduction, can unduly penalize aireraft size, waight, and per-
formance if carried to extremes without regard to the overall objective., Conse-
quently, significant and realistically adequate signature reductions have beep
attained with minimum compromisze to other desirable qualities.

wpidmm DESTICN MISSION PROFILE ~ The covert migsion profile used to size all the
aireraft in the study on a common basls ig Lllustrated by Figure 2-8. It is assumed
that the ecarrier is standing 100 um of{share from enemy held territory, so that the
flrst and last 100 nm of the mission can be flown at optimum speed and altitude
without regard to how much noise or IR signature is produced. The rvemaining 600 am
1s flown at quiet speed, using the FLIR sensor to search for targets or to avoid
alerting enemy ground defenses enroute to and frowm a pre-planned target. The quiet
speed altitude of 2500 £t about ground level was selected as a reasonable compromise
between conflicting ebjectives. Flight at a lower altitude, close to treetop level,
would have the advantages of winimizing enemy ground radar or visual detection and
minimum exposure time to enemy ground fire. The disadvantages would be more uoise
propagated to a ground observer, wirthin range of small arms and possibly ground based
IR missiles, target masking by foliage or terrain, terrain avoidance af night, and
weapon delivery problems. The advantages of higher altitude flight, say at 5000 ft,
would be less chance of a ground observer hearing the aircraft, less masking of
targets, less terrain avoildance problems, and more standoff range for weapon launch.
The alrcraft would be immune to emall arms fire and ground IR missiles, but this is
also the case at 2500 ft. Disadvantapes would be easler enemy radar and visual
detection, higher CEP for unguided weapens, less chance of finding small targets in
background clutter, and more exposure time to radar or optically tracked AAA.

—teFIGURE 2-8

DESIGN MISSION PROFILE Expend

Armamant

T

/ Quiet Spesd

&t 2500 ft

/ (100-115 kt)

100 NM

Optimum Speed
\/ and Altitude
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== DESTGN PAYLOAD - ALl alreraft in the study have been sized to carry the
sam¢ payload on the design mission. The avionics, including sensors, and the arma-
ment have been selected bo make the aircraft capable of autonomous operation in day
or anight clear weather, and with some self-defense capability. The alreraft ia
able to search for, ddentify, and destroy targets without assistance from other
aiycraft or ground forces, The internal bomb bay is designed to accept a variety

of weapong, BSin- external stores and protubaerances increase noise, all payload is
carried internally on the covert design mission. '

wm LVTONICS - The list of avionice equipment, including uninstalled component
welghts and volume requirements, is shown in Figure 2~9, The navigation system,
which doea not require any electro-magnetic radiation from the aireraft, provides
for undetectable quiet penetration, Radar altimeter radiation ls not considered
a problem in quiet penekration because it is confined to a narrow beam direectly
below the aircraft, and also during clear daylight or moonlight with the aircraft
at 2500 ft altitude the pilet should be sble to see the ground. ACLS (automatic

carvier landing system) provides the Flight aid needed for operation from an air-
craft carrier.

mfpdem The Communication and Identificatiom equipment is more or less standard
for thie type of application. VHF or HF radio is not included because whea the ~
alrcraft is beyond the line~of-sight UHF range from the carrier, it is assumed to be
over enemy terrltory where any dio transmission could betray its location. Aircraft
location betrayal is also the reason for not including radar.

"UUI™ HUD and helmet sight are included to aid the single crew member during
filight and target search at the relatively low altitude of 2500 ft. Laser designa-
tor eliminates the need for a FAC support aircraft when using Lager guided bombs.
The FLIR is the Texas Instruments Model AN/AAS-2BA which has been successfully
flight demonstrated. Both the FLIR and Laser designator are mounted on gimbals in
the fuselage nose to provide variable sensor alming Iin both azimuth and elevation,

Ly
[

iy

i

)

mmfegdemm JEAPONS — The bomb bay is sized to accommodate a variety of weapons for

maximum mission flexibility. The combination of weapons in the bomb bay 1s limited

3 to a total weight of approximately 1250 lbs.
g

it —fi— 4 Model GAU-2B1A 7.62 mm minigun with 1000 rounds of ammunition is mounted
”? in a retractable belly turret just forward of the bomb bay. The turret is retracted
flush with the underside of the airecraft during quiet penetration te minimize acoustic
i{ noise and radar cross section, and is extended only when the gun is to be fired. This
A type of gun installation is produced by the Emerson Electric Company in 5t. Louls and,
-% except for the retractable feature, has been widely used on the helicopter gunships
in S5EA. Our qulet attack installation has been reviewed with Emerson Electtic, and

L no development problems are expected,

¥

-

1
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=erFIGURE 2.9
NAVY QUIET ATTACK AVIONICS
Waight | Volume
(b} (#3)
Navigation and Flight Aids
Inortial Navigation System (Platform} 52 100
Backup Attitude and Heading Hef, Systam 24 0,42
Backup Flux Gata Compass 2 0.10
Air Dsta System 20 0.34
{ORAN (Receivar, Antenna, Coupler) 10 0.20
TACAN {with Antenna) 30 (.50
UHF-ADF 13 0.36
ACLS and Beacon 20 0.40
Radar Altimeter {with 2 Antennas) 10 0.10
Communication and ldentification
UHF Transmittar, Receiver {2}, Antanna (2} &0 0.90
KY¥-28 Securs Communication System 18 .30
IFF Transponder 16 0,20
Kit-1 Aftsec Secure IFF 1 0.20
Central Digital Computer 50 1.00
Displays and Controls
HUD, HS!, Heimet Sight 120 2.50
CNI and Miscetlaneous Controf Panels
Stores Monitor and Management Set 20 0.80
Flight Control System
tAutopilot, APC, Stabilator Augmentation) 40 0.87
Sensors
Laser Designator 25 .50
FLIR 200 9.00
FLIR/Laser Turret Mount
Counter Measures
Radar Warning System 80 2.00
809 2143
GP 24 0009 LER

MCOIONNELL AIRCRAFT COMPANY
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weefty= GROUND RULES - Listed below are key ground rules, used in the study:
o Carrier sultability based on unrestricted operation from CVA-39
o Extended wing span less than that of the A-3D (72.5 ft)
" Maximum speed capability at least as good as the AD Skyraider (317 knots
e i at 15000 fe)
-3 One man crew
Near term technology
Structural limit load factor of 8 g with internal bomb load
Fuel allowance of 2 minutes at SLS intermediate power for start, warmup,
takeoff, and a reserve of 5% total fuel.

bl
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3. AERODYNAMIC CHARACIERISTICS AND PERFORMANCE

(U) Flaps have not been used on the gulet attack aircyaft because the low wing
loading for the design mission/payload made them unnecessary. With more emphasis on
W.0.D. or takeoff distance reduction, especialiy with large external bomb loads,
flaps c¢ould be added but a wind tuanel test program would be desirable to determine
the 1L1ft coefficients available, which are difficult to predict analytically be-
cause of the unconventional wing planform. Nevertheless, investigations were made
for the purpose of increasing the 1ift coefficient without flaps. Initislly, an
airfoll specifically designed for high 1ift, as well as the use of an inflatable
boot to change airfoll contour for either high 1ift at low speed or low drag at high
speed were investigated but subsequently discarded as being impractical. However,
later analyvtical studles indicated that the fillets or strakes on the sides of the
forward fuselage, due to the blending of the wing into the fuselage for radar cross
section reduction, would also substantially increase the maxlmum lift coefficient.

This increased lift coefficlent ltas been accounted for in the performance analysis
of Model 226-45B.

(U) Because of thie differences in weight, thyrust, and lift coefficient of the
alreraft with TF-3%4 instead of the inivial scaled GEL/10 propulsion system, a_com-
parison was made of the effects of two different wing areas of 400 and 330 ft” a.
the same aspect ratio of 8, and using preliminary welght estimates. Afteyr consider—
ing the efEects on weight, performance, and signatures it was declided to stay with
the 400 fi° wing area for Model 226~-458. Section 3.4 shows the vesulting perfor-
mance for the basic covert or quiet mission, as well as performance for alternate
missions including ferry flight.

3.1 MAXIMUM LIFT AIRFOIL

(U) The maximum lift airfoil section developed by Dr. Liebeck at Douglas
Aircraft was cxamined for use in the low speed portion of the design mission. [For
high speed ovperation, the airfoil section might also be recontoured by weans of an
inflatable boot to produce a section shape having more acceptable high speed
characteristics.

(U} Figures 3-1 and 3-2, based on References (2) and (3}, contain comparisons
of the section lift and drag characteristics of the curreatly emploved 63,-415
section and the Liebeck section optimized for maximum 1ift. The Liebech Saction has
a CLpax approximately 0.47 higher than the conventional HACA sectian. In the section
drag comparison of Figure 3-2, the Liebeck section has the lower drag above a lift
coefficient of approximately 0.88; below a Q, of 0.58, the shape of the drag polar
indicated lower surface separation with 1lts attendant drag increase.

mgemIn Figure 3-3, the complete airplane drag polars are compared For both
airfoil sections at the 400 ft~ wing area and aspect ratio of 8. aAbove 0.9 G the
Liebeck section produced a small drag reduction. At Lift coefficlents below 0058
the Liebeck configuration had considerably more drag than the conventional con-
figuration, Due to this large drag increase, the maximum speed of Model ZZG-aJAA
would be reduced from 430 knots to 275 knots at 2500 ft altitude for o 400 fL-
Liebeck wing without a beot. Although thc increased value of CLijpyy permittud a
reduction in wing area from 400 to 291 ft2, For the same quiet speed, the maxinum
speed attainable with this smaller Liebeck wing without a boot would still onlv he
321 knots.

MCDONNELL AIMCRAFT COMPANY ]
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(Ui FIGURE 3-2

{U) FIGURE 3-1
SECTION DRAG COMPARISON

SECTION LIFT COMPARISON
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{U) Since the Llebeck airfoll is not aceceptable for high speed, an Investiga-
tion was also made to see if an inflated boot could be used to chanpe from the
current &39-415 conventional airfoll for high speed to the Liebeck airfoil for low
quiet speed. Flgure 3-4 compares the shapes of these airfolls, and illustrates
what a radical departure the Liebeck alrfoil is from a conventional one. Because of
these large contour differences the coucept of an inflatable boot with the Liebeck
ajrfoil does not n; pear practical. Since there would be little gain in maximum 1ift
coefficient by using an inflated boot with a conventional airfoil to increase its
thickness ratio, both the Liebeck alrfoil eznd the inflated boot concept were dropped
from further consideration, »

{U) FIGURE 34
AIRFOIL GEOMETRY COMPARISON

Liebeck Section - t/c = (0.126

635 - 415 Section

G g HO0Y 33

{U) The possibility of using a mechanically actuated variahle camher system,
such as that being developed by Boeing under ONR sponscrship, was also considered.
However, thia type of system requires single curvature (wrapped) wing skin which is
temporarily deformed to a different curvature to provide the increased lift.
Because of the curved leading and trailing edges, the wing skin on the qulet attack
aircraft is double curvature, and this makes such a variable camber scheme imprac-
tical. Another possibility considered was mechanically actuated leading edge slats
or Kreuger flaps. These high 1ift devices require a straight hinge line, and
because of the curved wing leading edge they would have to be broken up iunto a
number of individually actuated segments. This could probably he done but the
major objections would be the detrimental effects on signatures. From an aero-
dynamic noise srandpoint the alr flowing through the gaps between adjacent segments
in the extended position would create whistles to increase the acoustic detection
distance. Radar cross section would also be increased because of the multitude of
surface discontinuities and the additional reflecting surface area from extended
Kreuger flaps.
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3.2 WING~BODY FILLET CONTRLBUTIONS

{U) The initial estimate of maximum lift coeffieient for the quiet airplane
configuration was based on the theoretical wing planform excluding the wing~fuselage
fillers added to reduce radar croes section. Wind tunnel tests conducted by NASA
Langley, Reference {4), indicate that the addition of these fillets subatantially
increases the maximum 1ift coefficient of the thecretical wing planform, Figure 3~5
presents the increase in Cp, as a fuuction of the ratio of fillet area shown by
the ecross hatched area on tﬁéxplanform sketch, to theoretical wing reference area,
which is an ellipse a5 indicated by the planform dotted lines. For the quiet attack
ajrcraft, with its theoretical wing reference area of 400 ft2, the increase in maximum
lift coufficlent is 0.38, vwhich is nearly as much as the baslc Liebeck airfoil would
have provided. The 1lift characteristics for the configuration, including the
addition of the lift due to the fillets, is shown in Figure 3-6.

: {U} FIGURE 35
LEADING EDGE FILLEY EFFECT ON CLMAX
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{0} FIGURE 3-6

LIFT CHARACTERISTICS
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3.3 WIAG AREA SELECTL...

=f€¥==Preliminary studies were made to redefine the alrcraft configuration and
performance with the TF~34 core gab generaLtor instead of the original secaled GEL/10,
and with the higher predicted waximum 1ift coefficient of 1,68 instead of 1.30,
The »riginal wing area of 400 {t2 as well as a smaller wing of 350 ft" both without
tlaps and at the same aspect ratio of B, were studied. The aircraft with either
wing ar=a was sized for the basic covert mission with internal bomb load, but con-
sideration was also given te the effects of carrying larger bomb loads externally
under the wings,

% |
~ =i Compared te the scaled GEL/10, the TF-34 pas generator is larger and

' heavier and specifie fuel consumption is higher, but it does have the advantage of
highor thrust at speeds ahove about 200 knots. Thus, for the same wing arca and
mission the TF-34% aircraft is heavier, but this weight increase is at least partially
offset for takeoff, lauding, and quiat speed by the increase in 1ift coefficiont.

=—The smaller 350 ft? wing would give a lighter welght aircrvafr having
better climb, acceleration, and high spe.d. The lower wing loading with the 400 £e”
wing would be better for takeoff, Landing, quiet speed, and maneuverability,
especially when carrying large external payloada. The lower quiet specd with the
400 Fr2 wing would result in less aevodynamic noise, but radar cross-seclion and
visual signature might he slightly less with the 350 £r2 wing. With the same
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propulsion system, there would be little if any difference in propulsion nolse or
IR gignature for either wing.

g fipure 3-7 summarizes the preliminary weipght, performance, snd acrodynamle
noise characteriutics of the alrerafb with the TF-34 gas generator gs functions of
wing area and bomb load, For cowparison tlie first column also shows the original
Quiet Attack Alvcraft Model 226~454A with scaled GEL/10 gas generator and 400 £t
wing. The weights shown with the TF-34 gas penerator are approzimate in that no
welpght has been added yet for wisual camouflage, but the wing and landing gear
welights have been increassed to provide the added strength needed wheir carrying exter-
nal bonbs. o additional fuel is used with external bombs. This {s because geparate
studies made of the oripinal alrcraft show substantial increases in miseion radius
for the same amount of fuel when the external bomb mizsions are f£lown in a conven-
tional wanner at optimum speed/altitude except for bomb release at 5000 ft., as
illustrated by Flgure 3-8. Compared to the basic mission radius of 400 um with
internal bombs and mostly at quiet speed, the radius increased to 650 mm with §~1000
1b. bowmbs and to 575 nm with 6-2000 1b. bombs. These radii increases, in spite of
the inercased weight and drap of external bombs, are primarily due to much better
specific fuel comsumption at optimum speed/altitude, and similar increases could be
expected with the TF-34 gas gencrator for the same reason.

e IGURE 3-7
WEIGHT/PERFORMANCE/NOISE COMPARISON

internal Bombs External Bombs/TF-34 Gas Generator
GE1/10 Gas Gen| ¥F-34 Gas Gan 8-1000 tb Bombs 6-2000 1b Bombs
Sy =400 | S, =400]8,, =350|5, =400 | S,, = 360] 5, = 400(S,, = 350

Weights
TOGW b 14,410 16,500 16,230 23,408 23,135 27,240 26,970
Fuel 1] 3415 4,615 4,570 4,616 4,570 4,616 4,570
Combat Weight 153 12,700 14,195 13,945 21,086 20,845 24,930 24,680
Combat W/S bift? a7 35.5 39.8 52.7 59.5 62.3 70.6
Weight Emp1y b 9,360 10,240 10,015 10485 10,260 10,380 10,1568

Parformance
Maximum Speed kt 430 445 455 3856 390 365 310
Quiet Speed kt 1z 98 165 120 127 130 139
Bomb Release Speed Kt 37 309 312 264 267 248 262
Takeotf Ground Run ft 1,300 1,525 1,685 3,330 3,765 4,795 5,380
Initial Ctimb ft/min 5,400 4 450 5075 2,885 2.810 2,250 2,255
Sus*ained Turn Radius

At 300 knots ft 1,360 1,445 1,626 2,660 2,700 3,340 3530
Minimum ft 92% 225 930 1,280 1,450 1,565 1,760

Quiet Speed Aero Noise

OASPL 5000 ft Away dB 47.4 439 45.1 49,14 50.1+ 51.3+ 52.4+
VI OREY Y
. MCDONNELL AIRCRAFY COMPAMY BN
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=¥ iGURE 3-8
ATTACK MISSIONS

Expend
Armamont

Quiet Mission

/ Canvantional
Missions

g

300 NM
Quiet Spead
at 2600 ft

\\//f‘ {100-115 kt)
HWONM

Qptimum Spesd

and Altitude // t

Drop Bombs
at BOGO ft

-
Optimum Speed and Altitude

“3
S
A

i
N H
4
e GHT4 1009 & 2
-@ —t&r—In all cases combat weight is defined as TOGW Less 507 fuel, and this is 3
H the weight used for the maximum, guiet, and bomb release speeds at 2500 Ft. altltude, é
gr Previously, a nominal Cp, value of 0.8 was used to determine the quict spoed with }
3 adequate stall margin of 112 knots shown in the first column. Ihiis was before it ¥
'} was realized that the exterlor shaping of the aiveraft to reduce vadar cross-scction ﬂ
£ would also increase thie maximum lift cocfficiunt beyond the value of 1.30 for a 3
4 conventional wing planform. Quiet speed shown In Figure 3=7 Lor the alreraft with 3
-?' TF-34 propulsion is 1,2 stall specd, the same criteria acceptuble for landlng '
% approach speed in commercial transport operation, With the higher predicted maximum A
ﬁ% lift coefficient of 1.68 this gives a quiet spueed €, value of 1,16, whichh permits a )
3 significant reduction of quiet specd and acrodvnamie noise., Some additional ;
g increment of aerodynamic nolse is indicated by the + slgns Lor the di with external .
E bombs., This is due to turbulent alrflow around the bombs and pylons, bLub no tech-
nique has been found yet to predict the amount of thls Incremental noise invreasce.

T Maximum speed with the TI~34 propulsion system and 400 fi.2 wing is better

E with internal bombs than the original 430 knots shovn in the first column, This 1s
o due to, the higher TF-34 thrust with no change In drag, while the lower drap with the
- 350 £t~ wing gives an additional speed increase. The reductions In maximum speed

when carrylng the large external bomb losds shoun are not as much as mipht be

3 MCOONNELL AIRCRAEFT COMMNY —tONTITENTRT
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expected. This is bacauge, as shown later by Figure 3-89, the sizable welght in-
creases have practically no effect on drag at high speed, so that the speed reduction
is due only to the added drag of che bombs and pylons.

=Ty The bomb release spead is the speed attalned at bomb release 2500 ft. above
ground level when the aireraft starts to sccelerate from qulet speed at a target
identification range of 25,000 ft, This is primurily & funetion of combab welght
and the quiat speed from which the sccelaration at maximum thrust started, with
legser effecky due to deag. In the wespon delivexy studies discussed iu Section 4,
the critical minimum bomb relesse speed was found to be abour 250 knots for laser
guldad bowbs. TBipuve 3«7 shows this criteris could be met with any of the bomb
loads shown for either wing area.

spwm The weights used for takeoff ground vum and initial climb are of course
higher than combat welght and are equal to TOGW less 9G 1b. of warmup fuel. The
takeoff ground runs are all based on 1iftcEf speed being L.2 times stall speed, but
the first colum: is based on the original maximum 1Lft coefficient of 1.3 while
the othar columna for the alveraft with TP-34 propulsion are based on the new value
of 1368, While the TP-34 aircraft may have an unfair advantage in 1ift coefficlent,
they have the disadvantege of less low speed thrust as well as heavier welght which
conbine to reduce acceleration. The heavier weight also increases the wing loading
and 1iftoff speed for a given lift coefficient, Thus, the takeoff ground runs with
TF-34 propulsion are lomper than the original alrveraft, but still appear readonable
and could be reduced with flaps. In view of the large negative W,0.B. valuc of =49
knots for the original coufiguration, the heavier aireraft with TP~34 propulsion
were not expected to present any W.0.D. problems far catapult, The difference in
waximum Lift coefficient does not affect initial clinb, which Le primarily dependent
on weight and thrust. Here again, as was the case with takeoff acceleration, the
1F-34 alrceraft ave at a disadvantage but the absolute values of dnitial elinb shown
are stil] attrretlive.

== "¢ sustalned tuen radii shown arc all for 4 turn at cowbat weigiit (bowbs
on board) at constant speed ot 2300 ft, altitude with maximum thrust., Siace the 1if:
coefficient for the turns at 300 knots is Iin the range of only 0.57-0.75, these
turns are thrust-lipited, The minimum radius sustained turns are both thrust-
limited and lift-limited, For the highest usable 1ift coefficient of 1,26 (75% Max{l)
for the TP-34 alrcraft. The speeds at minimum turn radius for thoese aircraft ranpe
from 194 to 186 knots with the 400 ft< wing awd from 219 to 208 knots wlth the 150
ft2 wing. The 1ift coefflcient for minimum sustained turn radius of the original
GEL1/10 aircraft in the First eolumn is 1.0, which i the main reason Inr Lts lar; ¢
turn radius ot a higher speed of 233 knots. Life-iimfted decelerating turns could
also be made at higher speeds, providing the stryctural limit load factor 1s not
exceaded, to give a tighter bturn radius than that for a sustained twm,

mpmem (ghile the data in Figurs 3-7 is based s approximpte weights, it turned
oul to be quite accurate and was thercfor2 adequate for selecting the wing arca of
the alrerafk with TP-34 propulsion. From these comparisons, the advantages of the
400 f wing 505 nolse and certaln performance items appeared ko be morce signlficant
than the 350 ft° wing advantages Ln the other performance [tems and In welpht,
mnother consideration was the possibility of a subsequent weight increasce, which
would have less effecl with the 400 il wling, T¥or Lhese reasous the 400 i'L‘2 wing,
was retalned,
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LIFT AND DRAG - (U) Figure 3-9 illustrates the drag polars of the clean TF-34
aineraft for the twe wing areas of 400 and 350 ft? at the aspect ratic of 8, Also
noted are the additional drag increments for externally carried bombs and for
extended landing gear, These drag polars are without flaps and reflect the new pre-
dicted maximum 1ift coefficlent of 1,68, 'The quiet speed 1ift coefficient at 1.2
VgTALL (1.68/1.22 = 1,165) is alsa Indicated, The three short lines drawn across
the polars near a ¢ of 0.1 indicate the Cp, required for each wing avea at the three
arbitrary airecraft weights shown for a level flight speed of 400 krots at 2500 ft.
It can be seen that weight has practically no effect on the high specd clean drag
coefficient, wlhich 18 also at i{ts minimum value for eithber wing area. The same
would be true for the higher maximum speeds shown in the second and third columns of
Flgure 3-7. Thus, the reduced maximun speeds with external bomb loads noted in
Figure 3~7 are due solely to the incremental ACp inereases shown here.

(U) FIGURE 39
CLEAN AIRCRAFT DRAG POLARS

1.2

12 Vran

1.0 e 'l),'

b CL 0.6
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5 8§, =400 | 5, - 350

3 i3 Aircraft Wt Effect
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e The drag data from Flgure 3-9 are used to determine the aixcrafr drag
curves in Figure 3-10. It can be seen that for the same speed and bonb load the
350 £t2 wing gives slightly lower drag than the 400 £t2 wing, but the speed at 1.2
VSTALL 1s slightly higher with the 330 ftZ wing, The drag ehoun here is at 2500 ft.
at the combat weights noted in Rigure 3-7. The maximum thruet is the TF-34 thrust
previously illustrated by Figure 2~5 at 2500 ft., and the intersection of the thrust
and drag curves establishes the maximum speeds noted in Tigure 3-7. Fairly sizible
percentage-wise drag increases, especially at low speed, are evident when carvyiug
external bowbs. Contrary to the situation at high speed, most of this how speed
drag increase with external bonhs is due to added weight rather than the alp of the
hombs and pylons. This fs fllustrated by the following example for the TF-34 aiF~
eraft with 400 £t wing at a speed of 150 knots, where the dynawic pressure, q, 18
only 70.8 1b/£t%, €1 is found by dividing combat W/S by q, and then Figure 3~9 1s
used to find Cp.

Bomb Load
Internal §-1000 LB 6-2000 LB

Combat /S 35.5% 52.7 62.3
Cr, .503 746 .882
Cp

- Clean .0257 L0403 L0515

- ACp - .0059 .0082

- Total L0257 .0462 0397
Drag =~ 1b 725 1305 1685

e & CCELERATION FROM OUIET SPEED - Acceleration at 2500 ft. with maximum
thrust, Figure 3-11, 1s a function of thrust, welght, and drag., For the three
aireraft shown, the drag is nearly the same but at low speed the original GE1/10
alrcraft has the advantage of both lower weight and higher thrust. As speed
increases, however, the thrust advantage reverses above 200 kaots, and this
accounts for acceleration beinp nearly the same For all alrceraft at 300 knots.

The trend of the curves also shows that for ceonventional weapon delivery at higher
speeds the TF-34 aireraft, in spite of beiny heavier, would have better acceleration
which eould alse be translated into better climbout recovery after dive bombing.

=g {puyes 3-12, 3-13, and 3~14 [or the TF-34 aircraft with wing aveas of 400
and 350 ft? and with three different bomb loads are the source of the bomb release
speeds previously shown in Figure 3~7. Acceleration starts at maximum thrust from
quiet speed. The target is 25,000 fr. away at the start of acceleration. The
distance between the dotted lines labeled "target” and "bomb release" represents the
distance the bomb travels for level release at 2500 ft., and this bomb travel
increases with bomb release speed as shown later by Fipure 4-3. The distance
between the dotted lines labeled “bomh release” and ™end acceleration” represents
stabilized flight for 3 seconds at release speed prior to bomb release. The figures
show wing area has only a small effect on bomb release speed and, since the same
propulsicn system is used, the differences are primarily due to the added welght
of the external bomb loads.
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~{@rFIGURE 310
DRAG AND SPEED AT 2600 FT
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~t&=FIGURE 3-11
CLEAN AIRCRAFT ACCELERATION AT 2600 FT
Two BOO Lb Laser Bombs internal

11
-
-,
™
S
~ :
10 N
\\ )
N
N
N :
N !
] ——— N :
= S \ .
‘\‘ \ l - H
~. \ ‘
N, N
&L ‘1.
8 ~ N\
< \\
N
) « N
] e N
K Y
>0\
7 N
\\\
\\\
6 \\\_‘
W | g | Gomenr \

———f 400 | GEIM0 | 12,700
v = —] 350 TF-34 13,945
e B LY TF-34 14,185

5
4
100 140 180 220 260 300
KnUts (iPra GQ0R 26
MCOONNELL AIRCRAFY COMPANY G RN

DECLASSIFIED 00122, Unclassified




AT v

i a a R P .
e [ I PPN

'DECLASSIFIED i Unclassified

AEPORY MDC AZES
N BN b— VOLUME 1T

=@FIGURE 3-12
ACCELERATION EROM QUIET SPEED AT 2600 FT
Clean Aircraft - Internal Bombs
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~t9-FIGURE 313
ACCELERATION FROM QUIET SPEED AT 2500 FT
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- IGURE 3-14
ACCELERATION FROM QUIET SPEED AT 2500 FT
Six 2000 L.b Bombs External
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3.4 MODEL 226~458 PERFORMANGE

mhedm Figure 3-15 summarizes the weight and corresponding performance for the
Model 226~458 quiet attack aircraft with TF-34 tip-driven fans and a 400 ££2 wing
without flaps, The design mission in the first column is with two 500 lb. laser
guided bombs carried in the internal bomb bay, and the quiet mission proftle was
previously illustrated by Figure 3~8. The 300 nm outbound and inbound at 2500 fe.
is at a quiet speed of 115 knots. Compared to the minimum quiet speed of 98.3 knots
(1.2 VSPALL), the 115 knot speed produces only about 1/2 dB more noize but gives the
advantages of lass IR signature, more stall margin for better maneuverability and

more comfortable ride, and vrequires lesa fuel,

’ =erEIGURE 3-156
MODEL 226-458 WEIGHT AND PERFORMANCE
No Flaps
mternal ) | Extarnel Bombs 2 Ferry Flight
intarnal 160 Gal. in
23500 b 81000 (b 6-2000 b Fuel Only 8amb Bay
Weights
TOGW th 16.530 23,435 27,275 15,310 16,630
Fuel ity 4,615 5,665
Weight Empty th 10.270 10,815 10,320 10,270 16,270
Performance
Mission Radius nm 400 726 660 2,520 3010
Max Speed at 2500 ft Kts 446 385 368 - -
Initial Climb ft/min 4,950 2,888 2,250 -~ -
Catapult WOD
Standard Day kts —48 ~-13 +4 - -
Tropical Day kts ~44 -8 +9 - -
Arrestment WOD
Standard Day kis —56 —56 -56 - -
‘fropical Day ks =53 -53 —53 - -
Takeof{ Ground Run
Standard Day fr 1,525 3,330 4,795 1,300 1,550
. Tropical Day ft 2,330 5,176 7,450 1,990 2370
Landing Ground Roll
Standard Day ft 720 730 725 720 725
Tropical Day ft 770 780 775 770 775
Sustained Turn Radius
At 300 Knots it 1,445 2,560 3.340 - -
Minimum fx 825 1,280 1,565 - -
11} Quiet mission at 115 knots, 2600 ft altitude, Gk ra 000 v
12} Canventional missicns 31 optimum speed/altitude,
bbbl
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=@ The alternate missions with external bomb loads im the second and third
columns are with the eight MK83 or six MK84 bombs each mounted on its individual
pylon under the wing, and no bombs in the internal bomb bay. The mission profile
with external bombs is the one labeled "conventional missions in Figure 3-8.
Optimum speed and altitude for the second column of Figure 3-153 is Mach 0.45 at
24000~27000 £t,, and for the third column is Mach 0.44 at 19000-22000 f¢., DNote that
fuel for either of these alternate wissions 18 the same, 4615 lb., as for the first
column design mission.

=g The ope-way ferry flight in the fourth columm is alsp with the same
4635 1b. of intermal fuel, without any bombs, but the 7.62 mm winigun with 1000
tounds of ammunition is still on board. The speed is Mach 0.49 at 36000 f£t. In the
last column the one-way ferry flight is wade with additional fuel in a standard
150 gallon drop tank carried for the entire f£light on the centerline bomb rack in
the bomb bay, This longer range ferry flipht, or ferry flight against headwinds,
is also without bombs but with minigun and awmo, and the speed is Mach 0.50 at
36,000 ft.

@i The considerable improvement in combat mission radius in the second and
third columns end ferry mission vange in the last two columns is due to most of the
flight being at higher optimum speed and zltitude where specific fuel consumption
{SFC} is good. In contrast, 300 of the 400 nm radius in column one is flown at
near idle throctle setting where SFC is relatively poor, but this is one of the
penalties that must be accepted to minimize noise and LR signature in an aircraft
which alsc has good performance and payload capabilities for attack missions. Since
external fuel tapks are net required on any combat missions, this leaves the entire
wing available for a wide variety of external pavicads such as crdnance, gun pods,
rockets, or ECM and sensor pods.

—fomduee The maximum speeds at 2500 ft. altitude shown im the fivst three columus
correspond to Mach 0.68, 0.59, and 0,56 respeetively. These speeds arc at combat
weight, defined as TOUW less 50% fuel, bDowbs on board. Maximum speed at any
altitude octurs at about 10,000 ft. where the speeds shown would be increased about
5 knots, These maximum speeds at 2500 ft. are about 15 knots higher than they were
for the initial quiet attack alreraft, Model 226-454A with scaled GE3L/10 propulsion

system and lighter weight.

wppeeThe initial rates of climb are at sea level on a standard day, and are for
a weight of TOGW less 90 lb., of warmup and takeoff fuel. Corresponding airspceds
in the climb are about 400, 390, and 370 knots respectively for the first, seccond,

and third columns,

=eg= For the catapult and arrestment W.0.h. {wind over deek) analysis for
carrier basing, the standard day is o temperature of 59°9F and the tropical day is
89.6°F, The aircraft Iis based on a CVA-5%9 Farrestal class carrier with -7 catapult
and MK-7 Mod 2 arresting gear. The catapult endspeeds required at launch are hased
on limiting the amount of aircraft sink below the carrier deck to a maximum of 5 ft.
The endspeed capability of the C~7 catapult ineludes an additiemal 3 knot effect
due to aircraft thrust, and the aircraft nose gear strut is extended to provide a
3° angle of attack on the deck. The approach speed for arrestment is at 1.1 VPA LY
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(1.1 times the minimum speed for power approdch) and 1s based on the aircraft's
capability te achieve a 50 ft. incremental Increase in altitude in 5 seconds with

a flxed throttle setting. The catapult W.0.D, Is based on the full takeoff gross
weight shown in each column, and vepresents the difference in endspeed between C-7
catapult capability and required eadspeed for the specified aireraft weight.
Arvestment W.Q.D, is based on alrcraft weight with bowbs gone and 3% fuel reserve
remaining, and is the difference between the arresting gear capability, in terms of
maximum allowable approach speed in still air, and actual approach speed. Positive
W.0,.D. values indicate a headwind from carrier bow to stexn is required, while
negative W.,0.D. values indicate the amount of tailwind from stern to bow that can
be tolerated. Although the arrestment W.0.D. does not present any problems and the
catapult W.0.D. values appear to be acceptable, the use of flaps could appreciably
reduce catapult W.0.D. requirements for heavy loads on hot days. The semsitivity
of catapult and arrestment W.0,D., to aircraft weight is illustrated later by

Figure 3-18.

i The tokeoff ground runs shown are based on takeoff gross welght less
90 1b. of warmup and takeoff fuel, at sea level, with maximum thrust. Liftoff
ceeurs at 1,2 VSTALL, where the lift coefficient wlthout flaps is 1.68/1.22 or
1.165. Ground run drag includes rolling resistance equal to 2.5% of the difference
between aircraft weight'and lift at 0° angle of attack, clean aircraft Cp of .0163,
extended landing gear ACp of .0053, and bombs and pylons ACp of either 0059 or
.0082 for columns twe or three respectively. The ground run distaaces shown are
the result of step integrations which account for increasing drag and decreasing
thyust as speed incréases, and also account for the reductions in dynamlc pressure
q and thyust for a given speed on a tropical dayv. Although not shown, the additlonal
digtance from liftoff to over a 50 ft. obstacle is 190, 330, and 440 ft, respectively
for ~3luwmns one, two, and three.

mpwims The landing ground rolls are without bombs and with 10% fuel remaining,
at sea level. Touchdown speed is at 1.2 VsTaLL. Thrust reversing is not used, and
the only decelerating forces are due tc drag at 0° angle of attack aud braking
friction ccefficient of 0.4. Again, the ground rell distapnce is a step integration
which accounts for the variation of drag with speed. At a 49 glide slope, the
additional distance over a 50 ft, obstacle to touchdown is 715 f£t, in all cases,

mafidemThe sustained turn radii in Figure 3-15 are for standard day conditions
at 2500 ft. altitude, and at maximum thrust. The radii at 300 knots arce thrust
limited, while the mipimum sustained tura radii are both thrust and lift limited.
ALl radii are at combat weight (TOGW less 30% fuel).

g S USTAINED TURN RADIUS ~ The above sustained turn radii in Figure 315 are
at a specific speed. Figure 316 illustrates how the sustained turn radius varies
with speed at 2500 ft. altitude, The three solld lines represent the Hodel 226-4355
quiet attack aircraft at combat weight, with the sowe bomb loads as proeviously noted
in the first thiree columns of Flgure 3~15, The bubble on cach solid line corresponds
to the minimum sustained turn radius noted in Fipgure 3-15, and it can be sven that
this occurs at a speed around 190 knots. Below this speed the turn radivs 1s 1ife
limited by a l1ift coefficieat of 1,26 which, in the absence of any wind tmnel t.ast
data on buffer onset, has been chosen as a reasenable value representing 737 of the
maximum lift coefficient of 1,68 witliout Flaps. At Lhese lower spouds the masximum
thrust available execeeds the drag, md the aircraft would accelerats in the turn if
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the thrust were not reduced to equal the drag, At higher speeds the drag equals the
thyust, and the lift coefficient becomes progressively less than 1,26 as speed
incteases and availlable thrust decreases (see Figure 2-53.

== |GURE 3-16
SUSTAIMED TURN RADIUS AT 2500 FT
Military Thrust, 50% Fuel

ol
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Limitad | Limited
{6} 000 1b Bombs €, +na!
0 ¢ £, n
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Speed - kts G 74 0009 &

{C) Figure 3-16 also shows for comparison the sustained turn radius capabili-
ties of ine A-7A and F=4E/J with tvplcal ordnance payloads for the same ground rules
of no Flaps, 2500 ft. alricude, wmilitary power {non-afterburning), o1 50% fuel
gone. The A-7 and F-4 sustaiged turn radii shown are thrust limited and ab any
lower speeds thev would also become 1ift limited. The guiel attack .urcraft with
eight 1000 lb, bombs is carryimg over tvice the 3000 Lbh. load on the A-7 and about
the same load as the F-4, and still has a clear cut turn radius adv ctage ever either
of them at speeds below about 350 knots. With six 2000 1b. bombs the quict attack
aircraft homb load i1s four times the A~7 load and one and one half times the F=4
load yet it still has better turn radius beloy 330 or 300 knots. Haximun sustainesd
g load for the quiet attack aireraft fs 5.7p at 130 knots with internal wombs,
3,3g at 290 kuots with eight 1000 1b. bombs, and 2,7x at 270 knols with six 2000
1b. bombs,.
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wi= URANSIENT TURN RADLUS - Figure 3~17 itliystrates how translent turn radius
achlevable at the start of the turn varies with speed. This is for the Model 226~
458 qulet attack aireraft at the pame altitude of 2500 fr. with the same three
bomb loads previously shown by Figures 3-15 and 3-16 and for the same corresponding
combat weights. At higher gpeeds the turns are limited by the noted allowable limit
load factor, Nz. After starting the turn the alreraft will decelerate at & rate
depending on the amount of thrust used, and turn radius will decrease from the
value shown for the start of the turn. At lower speeds than those shown by bubbles
the turns are lift limited for the same Cp, of 1.26 used for Figure 3-16. With
maximum thrust, the aircraft will still decelerate in the turn until thrust equals
drag at the speed noted by the corresponding bubble previously noted on Figure 3-16.
Thus, the aireraft with internal bombs will decelerate in 1ift limited turns at
speeds between 193 and 267 knots. At speeds below 193 knots the turns with internal
bomba ave the same as they are in Figure 3-16. Comparison of Figures 3-16 and 3-17
shows the decided advantage In tipghtness of turn at higher speeds by using a transient
jnstead of 2 sustained turn. Although some speed is lost in a transient turn, it
is not a large loss. As an example, (f the alreraft with =ight 1000 1b. boubs
starts a load factor limited turm at 350 knots with maximum thrust and turns thrcugh
a heading chanpe of 90°, the time to turn is less than 5 seconds and the speed loss
is only L5 knots.

sy SR e
S A e

3 w@eF IGURE 3-17
2800 TRANSIENT TURN RADIUS AT 2500 FT
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widim W, 0.0, REQUIREMENYS ~ Figuin 3-18 illustrates the effects of airoraft
waight on speed requirementa for catapult and arrestment, and the torresponding
capabilities of the €7 catapult and the MR7 MOD 2 arvesting gear as a functlon of
weight when there is no wind over the deck from aither bow or stern. The only case
where the requirement exceeds the capability would be for cetapult when the alreraft
is carrying six MIK84 {2000 1b,) bomba, Hexe a headwind of 4 knotg on 2 standaxd day
or 9 knots on a tropleal day ie requived. This could be suypplied by carrier forward
speed in etill air, or & breeze coming over the bow with the carrier not under way, .
or by the sum of carrier speed and breeze when the carrier is heading intov the :
wind. In the other cases the carrier could be stopped and a tailwind equal to the
difference between catapult or arresting gear capabllity and requirement could be.
coming over the stern,
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=erFIGURE 3-18 |
CATAPLILT AND ARRESTMENT
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4. WEAPOM DELIVERY

e Thin section addresses weapon delivery by the Iritial Quiet Attack Afr-
craft, Wodel 226-434A, when the approach to the target is made at the qulet
penetration epeed of 112 knots at 2500 ft above ground ievel for covert operations.
In this mode the bomb load is restricted to internal carriage only in the fuselage
bomb bay to eliminate any increases i{n noise and radar cross section from external
stores. Fuel is alao carried internally for the same reasons, and the specifie
range in nautical miles per 1b of fuel is fairly low due to the higher SFPC from
operating the propulsion system at minimum throttle setting for 300 of the 400 nm
nission radius. Since the Model 226-438 aircraft with TF-34 propulsion system has
comparable performance and the same FLIR/laser desigmator system as Model 226-4544,
the weapon delivery discussion herein can also be conmsidered applicable. The
performance capabilities of Model 226-458 on more conventional miselons with
externally carried bombe were discussed in Section 3, Thus the aircraft's
capabllities appear comparsble to other comventicnal attack alreraft, but with
the additional unique capabilities of covert operation and better survivability

due to low signatures.

e (npuided and unpowered bomb release from a quiet speed of 112 knots at
2500 ft above ground level (AGL) is technically possible, but is not considered
practical againet a defended target. However, after tarpet identification by FLIR
the aircraft can accelerate to over 300 knots at bomb release. The higher speed
in level flight provides excellent aircraft maneuverability for jinking and also
increases standoff range at release. Target acquisition and weapon delivery can
be accomplished on the mame pass. The use of laser puided bombs (LGB), also
looks feasibie. Reledse from level flight isg move attractive thawn dive bombing
or toss bombing at this lower speed and altitude.

4,1 CONSTRAINTS AND CONSIDERATIONS

{(U) Major constraints and considerations for weapon delivery, most of which
are interrelated, ave:

fomb release speed

Bomb release altitude

Bomb release attitude

Fuse arming delay time

FLIR and laser designator viewing angles
Time from tarpget acquisition to bowb release
Adrcraft maneuvers after velease.

OO0 o0 DOO

= Mechanical bomb fuses, where a vane mounted on the bomb nose spins to arm
the bomb, require a release speed high enough to rellably spin the vane. This
minimum speed for mechanical fuse arming, Reference (53}, 1s 175 knots for dvon homb
fuses and 225 knots for airburst dispenser (ROCKFYF) fuses. On some bombhs this
constraint is net applicable when electrical fuses can be used. Romblet dispensers
such as ROCKEYE II also require a minimum speed of 200 knots to separate the two
halves of the dispenser im flight. Laser guided bombs reauire a release speed
greater than 250 knots to provide enoupgh dynamic pressure on the control surfaces
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for guldance maneuvers. TIncreased velease speed gives the advantage of moye stand-
of f range for unpowered bombs. On the other hand, decreased release apeed steepens
the bomb trajectory at impaci for improved accuracy and Ilmpact om a target
surrounded by a revetment, but the epeed must not be go low that the trajectory
becomes erratic due to insufficient dynamic pressure on the stabilizing fins.
Weapon release at the quiet speed of 112 knots and 2500 Ft AGL appears feasible for
unguided bombs, using an elechtrical fuse againgt an undefended or lightly defended
target. Against a more heavily defended target the aircraft would be exposed for

toc long a time to enemy ground fire and its maneuverablllty for escape would be
marginal,

mppiem 1:olease altitude from a level £light attitude must be high enough to aveld
damage to the alrcraft from bomb fragments or target debris. Tn sddition to a
target hit the bowb fragmenrs could also result from an early burst due to a faulty
fuse detonating the bowb the instant it becomes armed before impact. For level
release the time of fall of the bomb increasea with release altitude, which permits
a longer fuse arming delay time for fragment avoidance, Another coustraint ia
that release altitude must be high enough to pive at least 8.5 seconds fall time
for laser guided bowbs to stabilize on the target. The disadvantages of higher than
necessary release altitude are decreased accuracy for unguided bombs and easier
acquisition of the aircraft by enemy pround defenses, but the adventage would be
increased standoff range for a given relsase speed. The nominal release altitude
has been chosen as 2500 £t AGL, the ssme as for quiet penetration.

S

.

2
L

TV S TSR £

(U) The principal options for release attitude are level flieht, dive bombing,
or toss bombing where the aireraft is in a climb at the time of release. In each
case with unguided bombs the aircraft must be lined up with the target. Compared
to level bomwblng From a moderately high cruise altitude, dive bombing reduces the
range at release and gives a flatter bomb trajectory, both of which tend to increase
accuracy while making it harder for ground defenses te track the aircxaft. The
disadvantage of dive bombing is that at release both the bomb and aircraft are
heading for the target. Therefore the release must be far emough from the target
to maneuver for safe escape from the bomb fragments. SNAKEYE bombs with high drag
tail fins to increase the bomb fall time can also be used to permit release at
closer range, while still allowing epough time for escape maneuvers before impact.
When the aircraft is only 2500 ft AGL there may not be much advantage in dive
bombing, but 1t would be an attractive option for more conventional penetration at
higher speed and altitude when the target is visually acquired and an optical sight
is used. Toss bombing, by imparting an upward component to the bomb trajectory at
release, will Increase the standoff range for the same speed and altitude, and thus
make fragment escape easier. However, it is not needed for the quiet bombing mode.
For the above reasons, level attitude at release appears to be the most attractive,
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{(U) Besides arming the bomb, the purpose of the fuse is to delay that arming
for a predetermined number of seconds after release until a safe separation distance
ig reached between bomb and alrceraft. This safe separation distence is based on
the possibility, however remote, that a fuse malfunction could detonate the bomb
at the instant of arming, or that a midair collision between bombs dropped in
salve or from different aircraft could also detonate the bomb before it reaches
the ground. The safe separation distance, or fuse arming delay, depends on the
fragment trajectory time history for the type of bomb belng used and the tolerance
on the arming delay time. Thus the fuse arming delay time and the release altltude
which controls the bomb time of fall are directly velated, and must be chosen so
that the aircraft will not be hit by any bomb fragments from an inadvertent early
burst but the bomb must positively be armed when it hits the ground, In line with
the recommendations In Reference (5), an arming delay time of 10 seconds has been
selected. Since the bomb time of Fall from level release 2500 ft AGL is 12.4
seconds, this delay time meets both requlrements for safe separation and positive
arming at impact.

(U) The FLIR and iaser designator have not been mounted in a protruding chin
turret in the usual fashion because it was felt that the acoustic noise and the
radar cross section produced by such a turret would be unacceptable, Instead toth
sensors look out through a window having the normal fuselage contour on the lower
surface of the fuselage mose. This window has a very thin metallic coating to
deflect enemy radar beams away from the interior components while still permitting
transmission of infrared and laser energy. Because the sensor elevation and
azimuth viewing angles are limited by the window size and shape and the sensor
mounting with respect to the window, it has been necessary to check the required
sensor viewing geometry to ensure that the window 1s adequate. This has been done
for the condition of stralght and level flight from the time a prospective target
first comes into view on the FLIR display until the bomb is released, and also
during target illumination by the laser designator from LGB launch to impact while
the aircraft is maneuvering. In both cases the window is large enough,

wig= The time available from target acquisitien by FLIR to bomb release is
important for a number of reasons. In order to find a target and release a weapon
against it on the same pass the time must be adequate to identify the target,
7 accelerate to the desired release speed, stabilize speed, heading, and altitude,
;1 and then release at the required range. FPrevious studies reported in Section
2} 6.2.5 of Reference (1) have shown that a target, such as a truck or bridpe against
3 which a bomb instead of the minigun would be used, will first appear on the FLIF
i display at a ground ranpge of 30,000 ft and will be positively identified at
E 25,000 ft. Delaying the start of acceleration from quiet speed until after the
Ko target is identified still leaves sufficient time and distance to reach a release
i speed of over 300 knots on the same pass. The veasons for maintaining the quiet
iy speed of 112 knots until after the target is positively identified and a decision
i1s made to attack it are two-fold. Ome is that if the FLIR imase turns out to be
a false alarm or not & desirable target, the aireraft can continue to vemain
covert while penetrating further, Another is that when a decision to attack is
made the increase in noilse due to higher spead and power for acceleration has
been delayed as long as possible.
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{UY It 48 desirable to maneuver the alrceraft after the bowb has been released,
This greatly reduces the probability of the alreraft being hit by ground fire and
alge, in some cases, the afreraft could be hit by bomb fragpments if it did not turn
away from the tarpet., TFor unguided bombs a "launch and leave" technigque can be
uged since the alrcraft has excellent maneuverabllity when accelerated up to a
ralease spaed of 250 knots or higher. 'The greatest constraints on post release
alrevaft maneuvers pre for lessr puided bombs. Here the FLIR and lasar designator
must illuminate the tarpet through the fuselage window continuocusly from release te
impact, but the sircraft wust still turn away from the target to avoid any bomb
fragments from an early burst and to reduce the chances of being hit by ground fire.
For laser bomb delivery the most attractive maneuver appears to be to maintain
release speed in level flight but in a constant Bank angle turn. A diving turn
would increase the chances of being hit by fragments, while a climbing turn would
nake it harder to evade ground defenses.

4.2 PBOMB FRAGMENT ENVELOPES

=—f@d= The bomb frapment trajectories were obtained from Reference {5). Fipure
4=1 shows the fragment trajectories for the 750 1b M117A1 GF (peneral purpose) bomb
and the 1000 1b MKE3 LDGP (low drdg general purpese) bomb. Trajectorles for the
smaller 500 1b MK82 LDGP and the 250 1b MK8L LDGP bombs are shown by Figuxe 4-2.
These are all unguilded and unpowered bombs having conical stsbilizing fins. The
dotted lines on each fipure represent the fragment envelope at the time after burst
in seconds noted. Note that for all bombs the maximum fragwen: trzjectorv height is
reached 9 seconds after burst. The trajectory heights shown represent heights above
ground for a burst at impact, or height above the point where an inadvertent early
burst might occur before impact. By taking a horizontal cut throuph the dotted line
envelopes the time history can be obtained for Fragments at the same height above
the ground as the alrcraft. Comparison of the four bomb trajecteries shows that for
unguided and unpowered bomwbs the M117A1 has the larpest envelope and is most
critical for alrcraft avoldance of fragments.

—fE—The MK81, 82, and 83 SNAKEYE bombs are the same, except for the extendable
hiph drag tail fins, as the corresponding LDGP bowbs and therefore have the same
fragment trajectory envelopes, The Quiet Attack Alrcraft cam carry elther the 500
or 1000 1b laser guided bombs internally. These have the same bomb body as the MK8Z
or MKB3 LDGP bowbs and the same fragment trajectories. The MKB3 trajectories in
Figure 4-1 are therefore most critical for laser guided bombs. The 500 1b MK36 and
the 1000 1b MKAD destructor bombs also have the same body and same Fragment
trajectories as the corresponding MKB2 and MKB3 LDGP bombs. These destructor bombs
do not detonate on lmpact but are fitted with a nose arming device and a tail firing
mechanism that allows the weapon to function as a magnetic influence weapon, or
mine, for use against shallow water and land tarpets. Therefore the only danper
from destructor bomb fragments would be from an early burst.

(U} Fragment avoidance is no problem with the 500 1b MK77 MOD 4 fire bowb,
the B35 1b CBU-24, -29, -49 bomblet dispenmser, the 475 Ib ROCKFYE IT homblet
dispenser, or the 500 1b CTD-1/A delivery container. Povered bombs, such as the
SHRIKE anti-radiation missile, are not considered to pose any fragment aveoidarce
problem from either early burst or impact.
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(U} FIGURE 441
BOMB FRAGMENT TRAJECTORIES
;M 17A1 and MK83
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{U) FIGURE 4-2
BOMB FRAGMENT TRAJECTORIES
MKB2 and MK81
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{0} In swmmary, the two most critical cases for fragment aveidance are for
an early burst of a M117AL bomb with "launch and leave" tactics, or an early buxst

of the MKS3 laser guided bomb where the alrveraft must remaln in rhe vicinity to
illuminate the target until Impact.

7

A

4.3 BOMB FALL TRAJECTORIES
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(U) The trajectories for level ralease of unpowered bombs as a function of
ralease speed are illustrated by Figuxe 4-3., In all cases the bombh is forcibly
ejected from the rack with an initial downward velocity of 6 ft per second.
Although all releases are shown for a height above ground level of 2500 ft, the .
figure can also be used to 1llustrate how standoff range would decrease 1f release
height were reduced. The horizontal dotted lines show that for a given time after

. release the bomb has fallen essentially the same vertical distance regardless of

release speed, and that in all cases ground impact for release 2500 ft AGL would
be at 12.4 seconds after release,

{U} FIGURE 4-3
UNPOWERED BOMB TRAJECTORIES
Level Refease 2500 Ft AGL, 6 FPS Ejection Veloaity
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(U) As previously noted, an arming delay time of 10 seconds has been selected,
and if an early burst were to occur at arming the bomb would be 850 ft above the
ground, This figure of 850 ft must then he added to the fragment heights previcusly

shown in Fipures &-1 and 4-2 to find the fragment envelope with respect to the
ground for an early burst.

(U) Assuming the aircraft remains 2500 ft AGL after release, a horizontal cut
at 2500-850,or a height of 1650 ft, can be made through the fragment envelopes of
Figures 4~1 and 4-2 to see 1f the alrcraft could continue to fly straight over the
target without the fragments from an early burst catching up te it. For an alr-
craft speed of 300 knots, Fipure 4-3 shows the range from release to a 10 second
early burst 1s 4956 ft. 1In the same 10 seconds after telease the aircraft travels

__ 5070 ft, or il4 ft beyond the early burst., Fipure 4-4 shows that for a M117Al
MCDONNELL ANIORAFT COMPANY UNCLASSIFIED
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{U) FIGURE 44
AIRCRAFT/FRAGMENTS FOR EARLY BURSY
300 Knots, 2600 Ft AGL, 10 Sec Burst
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bomb the aircraft would be hit by Fragments less than 1 second after burst, and
would continue to be hit until about 6 seconds after burst. For the 1000 1b MK83
bomb, the alrcraft would probably be hit about 2 seconds after burst. The aireraft
would avold any fragments from the MK82 or MK8] bombs. 1If speed were lower the
chances of being hit would increase.

(U) 1If there were no early burst and the bomb hit the tarpet, for the saine
300 knot speed Fipure 4-3 shows the standoff range from release to target is
6111 ft Iin a time of 12.4 seconds. In this same time the aircraft would travel
6285 ft, or 174 ft beyond the target. 1If a lower speed of 250 knots were used,
the standoff range would be reduced to 4106 ft in the same time of 12.4 seconds.
In this case the alreraft would travel 5230 ft and would be only 124 ft beyond the
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target at impact. For this burst at impact the fragment envelope is determined at
a hedght of 2500 ft instead of at 1650 £t, as was done for an early burst. Figure
4-5 ghows the alrcraft/fragment relationships for the M117A1 and MKE3 bomba for
the above two release speeds nf 300 and 250 knots, with the aircraft still flying
straight and level 2500 ft AGL. At 400 knots the aircraft stays ahead of the
fragments {rom either bomb, because of the lonper time required for the frapments
to agcend rhe additional 850 ft. Fragment velocity is independent of release
speed, so at 250 knotg the alrcraft is not as fax beyond Impact at the same time

{U} FIGURE 4-6
AIRCRAFT/FRAGMENTS FOR TARGET IMPACT
2500 Ft AGL

Fragmants - sec After impnct
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as 1t was at 300 knots. As a result, it is struck by the ML17Al Ffrapments about
3-5 secondas after impact, but it still stays ahead of the MRS3 fragments. Of
course, 1t would alsc stay zhead of fregments from the MK82 or MKB1 bomhs at either
speed,

4,4 AYRCRAFT CAPABILITIES

B The bomb release minimum speed constraints discussed in Section 4.1 and
the need for higher spced to aveid bomb fragments Impose a requirement on the Quiet
Attack Aircraft for good acceleratfon from the guiet penetration speed of 112 kunots
at 2500 €t AGL. Since the propulsion system was sized to provide the required
quiet penetrxation thrust at minimum power setting, advancing the throttle to
intermediate power setting produces over seven times as much thrust at the same
quiet speed. As the aircraft accelerates the intermediate thrust falls off and
drag inereases but there is still a larpe amount of excess thrust available. The
resulting level flight acceleration 2500 ft AGL and starting from the 112 kot
quiet speed is chown in terms of speed and distance as a function of time by

%é Figure 4-6. The initial acceleratlon rate is over 10 £t per sec?, and 1s still
% over 5 ft per secl when the speed reaches 300 Ynots.
fg ——fmdee Cood turn capability is another requirement during weapon delivery to
o avold being hit by enemy pround fire as well as bomh frapwents. At qulet speed the
EH aircraft can turn at a reasonably short turn radius with adequate stall margin.
Q This is sufficient for target search and surveiliance but the aircraft would be toec
K vulnerable in a defended target area. The above reguirement for hipgher gpeed at
3 weapon delivery produces substantial increases in dynamic pressure, q. This,
'—ﬁ_ combined with the aircraft's low wing loading and excess thrust available, gives it
g

excellent turn capability in the target area, as illustrated by Fipure &4-7. 1f a
1lift coefficient of 1.0 is used in the turn with intermediate thrust, the aircraft
will accelerate in a turn started at a speed below 233 knots and will decelerate
when starting a turn at a higher speed. Since the alrcraf! has a maximum speed of
430 knots at 2500 ft, turns can be started at higher speeds than 233 knots even
though thrust is less than drag in a turn at a CL of 1.0. As speed at the start
of the turn with a Cf, of 1.0 is increased to 283 knots the structural limit luad
factor of 8 g is reazched, The aircraft could enter a decelerating turn at still
higher spesds but the starting lift coefficlent would have to be less than 1.0 to
avold exceeding the structural limit. At speeds above 233 knots the turn 1lift

£ coefficlent can be reduced until turn drag equals thrust to give a sustained cturn
at constant speed and turn radius. This sustained turn capability is illustrated
by the cuvved line starting at 233 knots and ending at the maximum speed of

430 %nots in 1 g straight flight. ‘The turn radil are noted at 40 knot intervals
starring at 120 knots. The noted radii are constant during a sustained turn, but
are applicable only at the start of the turn for a Cp of 1.0 or at the structural
limit.

TN P

St
" b ek

3 mwiomie= For perspective the sustained turn radius of the Duiet Attack Alreraft is
K - compared to that for the F-4J and AT7A alrcraft in Figure 4-8. The comparison is
made at the same altitude of 2500 ft, at military power, and at vomhat welpghr as
determined by the weapons shown in parenthesis for the other two aircraft. The
appreciably tighter turn radius for the Ouiet Attack Aircraft is one of the fallout
benefits of low wing loading and propulsion sizing at minimum power setting at

- gquiet speed to reduce necise.
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=€ FIGUREA-G
MODFL 226-454A STRAIGHT AND LEVEL ACCELERATION
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4.5 TACTICS

—t8%— Based on the acceleration capability Ffrom Figure 4-6 and starting acceler-
ation when the target is identified at a range of 25,000 ft, Figure 4-9 further
illuatrates the advantage of higher bowd release speads in cutting down erpogure
time for the alrcraft after tarpet acguisition. A minimum time of three seconds to
stabilize the alrcraft prior to bomb release has been selected as recommended in
Reference (5). A maximum release speed of 317 knots can be attained for this
minimum stabilization time. The release range to target varies with apeed as
previously shown by Figurc & 3. At rclease speads lower than 317 knots the
additional time available for stabilization could be used for a combination of
jinking followed by the minimum stabilization time of three seconds. For exanmple,
if a 250 koot release speed were chosen, 28-3 or 25 seconds of jinking time would
be available afrer a 54~28 or 26 second acceleration to 250 knots.

~terTIGURE 4-9
UNPOWERED BOMB LEVEL DELIVERY RANGE
Model 226-464A 2600 Ft AGL
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(I After bomb release, and as further recommended by Reference (5}, the afr~
craft continues straight and level for two additional seconds to make certain it
is atabilized at releamse.

@) Por minimum noise, and thus maximum covertness, the bonb should be released
at the 112 knot quiet speed. However, if the aircraft were to continue straight
shead after release, it would be hit by fragments from an early burst of eithey the
M117ALl or MEK83 bombs. 1t was, thereforae, decided to see if the alreraft could avoid
fragments from the more critical ML17AL bomb by dolng an accelerating level turn at
45° bank sngle and Intermediaste thrust starting two seconds after velease at 112
knots. If an early burst occurred 10 seconds after release, Figure 4-10 shows that
the alrcraft would be hit by fragments at less than 13 seconds after release. In
this maneuver the aireraft turns 90° in 11.78 seconds and its speed at the end of
the turn has increased to L7B knots. However, if there were no early burst, Figure
4-11 shows that the aireraft would not be hit by fragments. At this minimum
delivery speed an electrical rather than a mechanical fuse would have to be used.
According to Reference (5) the probability of an early burst due to fuse
malfunction is considerably higher for electrical fuses but the expected rate is
still no greater than one in one thousand, In the case of the smaller MK81 or
MR82 LDGP bowbs or for Five bombs thers would be no danger £xom fragments. Fox
surprise attack against & target defended by nothing more than small arms, this
weapon release at quiet speed could be an attractive tactic,

~terFIGURE 4-10
EARLY BURST OF M117A1 (780 LB) BOMB AT 112 KNOTS !
Ajreraft Struck by Fragments Frog Envelaps - 2600 ft AGL
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M117A1 {760 LB} BOMB DELIVERY AT 112 KNOTS
No Fragment Hits on Aircraft
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~{€y— Against more heavily defended targets where minimum exposure time is the
objective, the bomb should be releassd at a higher speed for more standoff range,
and maximum advantape should be taken of the aircraft's turn capability previously
illustrated by Figure 4-7. To avold fragments from an early burst of the MI17Al
bonb, the alrcraft could enter a sustained turn two seconds after release and turn
through 135°, so that it ends the turn going directly awasy from the early burst.
Thls tactic is illustrated for different speeds by Figure 4-12, using the sustained
turn radil from Figure 4-7, 1t can be seen that the minimum speed for fragment
avoldance ig about 150 knots, and both fragment avoidaunce and exposure are improved
by higher release speeads.

mf@duem The severe turns in Figure 4-12 would probably not be usable with laser
guided bombs and the internally mounted laser designator because of the large
elevation and azimuth sight angles required to {lluminate the target up to the
time of impact. More gentle constant speed turns at 250 and 300 knots with a
constant bank angle of 30° or 45° have been investipated to ensure that the aircraft
could aveid fragments from an early burst of the 1000 1lb MK83 laser gulded bomb
while keeping the FLIR and laser designator sipght angles within practical limits.
These tactics are illustrated by Figure 4-13 for a speed of 250 knots and by Figure
4-14 for 300 knots. Although the aircraft stays ahead of the early burst fragments
in all cases, it can be seen that for both spesds the aircraft is closer to the
fragments in the 30° banmk. On the other hand, the location of the cross mark on each
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=EFIGLIRE 4-12
M117A1 EARLY BURST FRAGMENT AVOIDANCE
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H@WFIGURE 414
MK83 LASER BOMB DELIVERY AT 300 KNOTS
{.ave! Reiease, 2500 Ft AGL
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Early Burst
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;% curved flight path indicates where the aircraft is at the time of impact and this
3 shows that the target is further astern at impact for a 45° bank. Thus the bank angle
R

selected is a compromise between fragment avoldance and sensor viewing angles, but
any bank angle in the 30°-45% range, and to some extent on either side of this range,
should be satisfactory. Evenr in straight flight directly over the target, the
target would still be astern of the aircraft at the time of impact. In an attempt
to avold or at least reduce this rearward looking requirement, another investigation
was made where the throttle was moved back to idle at the start of the turn to
decelerate the aircraft. Although not illustrated here, this showed that because

of the short time of 12.4 seconds from release to impact the reduction in speed and
look angle was negligible.

TS ik
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4.6 SENSOR VIEWING REQUIREMENTS

(U) The above four cases of two speeds and two bank angles for LGB deldvery
were analyzed to determine the FLIR/laser designator viewing anples involved. The
case of 250 knots =zpeed and 45° bank angle will be used as an example to show what
was done for each of the four cases. The first step is to determine for a given
aireraft position the distance the target is offset to the side of the flight path,
and also the distance the target is forward or aft of the aircraft. This 1s done
at a number of aircraft positions on irs fiight path from start of the turn to
target hit, as illustrated by Figure 4-15. The sensor viewing geometry relation-
ships shown by Figure 4-16 illustrate the process used to arrive at the azimuth
and elevation viewing angles at each aircraft position. The process starts with
a head-on view which takes Infe account the aircraft height of 2500 ft AGL, the
bank angle, and the offset. Because of the bank angle, the PROJECTED LOS (line of
sight from aircraft to target) is out the bottom of the alrcraft toward the inside
instead of the outside of the turn. The second step is a view looking toward the
side of the aircraft in the bank, and thia view accounts for the angle of attack
and whether the target is forward oy aft of the aircraft. The third step is a top
view of the alrcraft and target projected normal to the Fuselage reference plane
to determine the azimuth angle, and shows aximuth angle for one case where the
target is forward and another t¢ase where the target is aft of the aircraft. The
fourth and final step is a true view in the plane of the azimuth angle to determine
the true LOS from alvcraft to target and the elevation angle in the azimuth plane.
The true view shown is for the case when the target is aft,and a similar technique
is used when the targer ifis forward.

{U) FIGURE 4-18
LASER GUIDED BOMB DELIVERY
250 Knots, 459 Bank Turn, 2500 Ft AGL

Range

78 of 223

- Aircralt at
K Target Hit
1 1 1 | 1 § |
E 5 4 3 2 1 0
1000 ft CIFENLEN
MCDOMMNELL AINCRABT CORMMPANY SN ppp—
DECLASSIFIED 4-18 Unclassified



Unclassified

P

<
i

3 DECLASSIFIED
; REPORT MEC A2668
o VOLUME X
» UNCLASSIFIED
{U) FIGURE 418
SENSOR VIEWING GEOMETRY
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(U) The forward/aft and the offset distances from Figure 4~13 and the azimuth
and elevation plane (not elevation angles) determined from Flgure 4~16 are plotted
as a function of range in Figure 4-17 to show how they typically vary from the
start of the turn to target hit. Figure 4-15 also defined the range,

(U) The elevation and azimuth angles for the four cases of speed and bank
angle are shown by Figure 4~18, Since the elevation angle is in the azimuth plane
and is measurad in degrees helow the fuselape horizontal reference plane, the case
where the elevation angle is the least will be the most critical for the sensor
window. In other words for an azimuth angle of say 90°, if the eleval’on anple
were 0° the line of sight would be straight out the side of the aircraft but with
a 90° elevation angle the LOS would be straight out the bottom in the middle of
the window,

(1) The FLIR line of sipht angles prior to the turn must alse be considered
to be sure the window is adequate. 1In addition to the FLIR depression angle
between the horizomtal flight path and the line of sight from aircraft to target,
the angle of attack must be accounted for. Since the FLIR is assumed teo te look-
ing ahead at 0° azimuth, the elevation angle is then the sum of the depression
angle and the angle of attack. The depression anple decreases as range is
increased, while the angle of attack decreases as speed is increased. Tha angle
of attack is B® at the quiet speed of 112 knots, but because of the low wing
loading it is omly 0,45° at 250 knots and a negative 0.2° at 300 knots. At the
maximum FLIR range of 30,000 ft the depression angle is only 4.76° for level
flipght 2500 ft AGL. This is another reason for not acceleratinp the alrcraft
before target identification, and for not approaching the target in a dive when
using FLIR. Assuming no acceleration until the target Is identified at a range
of 25,000 ft, the worst case would presumably be when the releasa speed is 300
knots. This is illustrated by Figure 4-19 for 250 knots as well as 300 knots, and
is based on the data previously shown on Figure 4-9. Although the depression
angle is continually increasing, the angle of attack, «, decreases rapidly after
acceleration starts at 25,000 ft range. As a result of these opposing trends the
minimum FLIR elevation angle of 8.2° cccurs at a range arcund 20,000 ft when the
aircraft has accelerated to only slightly more than 200 knots.

(U) The sight angles from Fieures 4-18 and 4-19 are used with the FLIF/laser
designator and window relationship to see where the FLIR and laser beams plerce the
window. The area pierced is illustrated by the cross hatched areas in the upper
plan view of the fuselage nose In Fipure 4-20. The figure also shows the azimuth
and elevation gimbal mount axes at station 40 for the FLIR/laser desienator
combination. In the side view at the bottom of the flpure the FLTR beam is conical
starting with a diameter of seven inches and is more critical than tre two inch
¢ylindrical laser beam. The window area pierced by the laser beam, die to mountinp
the laser desipnator below the FLIR, is always smaller than the FLIF area. Station
plane cuts through the fuselage nose contours are shown in the middle of Fipure
4-20, and illustrace the edge along the side of the fuselage in the Ffuselape
teference plane to reduce radar cross section. Althoush the fuselage nose 1is
pointed in side view, it is rounded in plan view to provide as much windov wilth
as possible forward for rotating the FLIF in azimuth to pick up tarpets to the
side of the flight path during search.
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{U} EIGURE 4-17
AIRCRAFT POSITION AND DESIGNATOR ANGLES

LGE Delivery, 45° Bank at 260 Knots
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(U} FIGURE 4-18

LASER DESIGNATOR SIGHT ANGLES
Constant Speed and Bank Turn Started 2 Sec After LGB Release
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4 FLIR ELEVATION ANGLE PRIOR TO TURN
Model 226-454A 26500 Ft AGL, Intermediate Thrust Accelerstion
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{(U) A single plece window of this size may be difficult to manufacture due
to the grinding and polishing processes rnquired. The window thickness would have
tn be mbout 0.2 inch to withetand the airioads. For this thickness, ir order to
minimize distortion, the vadii of curvature should be no less than 80 inches,
Typical roll plane radii of curvature in the nose area are about 20 inches, which
may result in unacceptable distortion. A window comprised of edght or ten flal
glass panels would alleviate both the manufacturing and distortion problems while
not affecting radar cross section or acoustic noise.

{1 The desirability of internal FLIR and laser desipgnator installation on
this aircraft is clear. However, if the above flat glass panel alternative is
8till unacceptable from either a technlcal or cost standpoint a chin-mounted
turret would be comsidered.
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5. 1.7=5 MICRON IR SIGNATURE

(U) This section addresses infrared signature of vhe aircraft in the 1.7-5 ,
micron bandwidth., This is the spectral region where peak IR radiation occurs for i
jet engine exhaust temparatures, and consequently iz the vegion in which heat seeking ;
missiles operate, As temperature decreases the wavelength for peak radiation moves
toward the longer wavelengths, such as the 8-14 micron bandwidth used by forward

looking infrared (FLIR) systems. The aircraft IR signature in that band is
discussed later in Section 8.

o e

(U} The techniques used to predict these IR signatures were previously dis-
cussed in Section 4 of Refexence (1). The IR signature of the alrcraft at a given
flight condition and viewing aspect is the sum of the radiation from each hot metal
component exposed to view, Component radiation depends on temperature, projected
area and emissivity. At that time the IR signatures were for the scaled GE1/10
gas generatoxr operating at minimum throttle setting, and it was shown that exhaust

plume radiation was negligible so that essentially all the aircraft's IR radiation
was due to visible hot metal in the exhaust system.

e g AT

(U) The IR signatures and missile tracking ranges discussed herein are for the i
Model 226-458 quiet attack aircraft, which uses the TF-34 core gas generator with
different exhaust gas characteristics than the scaled GE1/10. lHeowever, the hot
metal radiation is still predominant, with radiation from either the exhaust plume
or from aerodynamic heating of aircraft exterior surfaces being negligible. This
is true for all operating conditions from quiet speed to maximum speed and minimum
to maximum thrust. At minimum throttle setting the exhaust gas tcemperature of the
TF~34 core gas generator is lower than the scaled GL1/10, but the aircraft's IR :
signature for either gas generator is so low that any difference is not noticeable. :

~8¥= As was the case previously, at quiet speed the aircraft cannot be tracked
by the Soviet SA-7 STRELLA missile as long as it stays more than about 200 ft. above
the ground. Even at maximum speed and thrust the STRELLA cannot track the aircraft
when it is more than about 1300 Ft. above ground level (ACL}. The U.S5. REDEYE
missile has a more sensitive detector than the STRELLA, but the aircraft could alsc
deny REDEYE tracking if it stays more than about 1300 ft, AGL at quiet speed or
about 4300 ft, AGL at maximm speed. All these heights AGL are based on 50%
probability of detection and nc atmospheric attenuation of the aircraft's IR radia-
tion, and are therefore conservative. For an Bu°F day with 70% relative humidiry,

the water vapor in the atmosphere would reduce the above minimum height AGL to
roughly 75% of the values noted.

5.1 IR SIGNATURE

(U) A bodv at a given temperature radiates IR energy over a broad range of !
wavelength in microns (u}, but as temperaturc increases the peak radiation occurs
at a shorter wavelength and the intensity increases at all wavelenpths. This is :
illustrated by Figure 5~1, using as examples the froezing and beiling points of 3
water and a third temperature midway between them. Since the bandwidth of an IR :
system is limited by the characteristics of the detector material used, it follows §
that the further away the IR system bandwidth is from the wavelength for peak
emittance of an object the less chance therc is of detecting the object. At the
low throttle setting used for quiet speed the alrcraft's nozzle exit temperaturc is
only 154°F, which gives a peak radfation in the neighborlicod of 8 microns, while at
maximum power the nozzle exit temperature is 3136"%F with peak radiation at 6.5 microns.

I

AICDONNELL ANICHAFT COMPANY R P —— %
5-1 ;:
. DECLASSIFIED s60i225 | | Unclassified 3

e o Faow S .
Bt 0
s oo

——
OISR M s <y n, el



DECLASSIFIED Unclassified

REPORT MDC A2658
VOLUME T

{U} FIGURE 5-1
RADIANT EMITTANCE vs WAVELENGTH FOR SEVERAL

BLACK BODY TEMPERATURES
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(UY 1In a given bandwidth and for a given aspect or viewing angle, the total
hot metal radiation in watts/steradian is the sum of the radiation from each of the
hot metal elements exposed to view. The radiation from each hot metal element
depends on its projected area at the given aspect angle, its surface temperature,
and its surface emissivity. In this report all IR signature analysis is based on
the maximum black body emissivity of unity, so that the results are somewhat con-
servative, For the 3-5 micron bandwidth, Figure 5-2 shows the ajrcraft's IR sipg~
nature at quiet speed as functions of elevation and azimuth aspect angles. The
highest intensity is determined by the shape of the nozzle exit, and is seen to be
13.02 watts/steradian directly behind the aircraft in azimuth and looking down at
the aircraft at an elevation aspect of +10°. The nozzle does not end in a vertical
fuselape station plane, but is designed to reduce detection by a ground based IR
missile by extending the lower portion further aft than the upper portion so that
the nozzle ends in a canted plane 50° off vertical. At zero azimuth angle this
accounts for scme IR signature existing when looking straight down at +90° elevation
aspect, but no signature when looking up at elevation aspects greater than -50°.

whides Intensity isograms can also be developed for the specific bandwidth used
by a specific IR missile. This has been done for the Soviet SA-7 STRELLA missile
for its bandwidth of 1.7-2.8 microns, Fipgure 5-3, and for the U.5. REDEYE missile
for its bandwidth of 3.0-4.2 microns, Figure-5-4. Since the STRELLA bandwidth is
furthest away from the aircraft's wavelength for peak radiation, the IR signatures
"in Figure 5-3 are alsc the lowest. Comparcd to the maximum of 13.02 watts/steradian
for the 3-5 micron bandwidth of Fipure 5-2, the maximum ar the STRELLA bandwidth is
only 0.34 but it occurs at the same aspect of 0° azimuth and +10° elevation. The
3.0~4.2 micron bandwidth for the REDEYE is closer to peak radiation wavelength than
the STRELLA, but is not as close or as wide a bandwidth as 3-5 microms. Consequently,
the IR signatures for the REDEYE bandwidth are higher than for the STRELLA but less
than at 3-5 microns.
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5.2 IR MISSILFE TRACKIKG

range, Rp, is:

Where
JB =
< -
3: JEI =
(s/0), =
K =

DECLASSIFIED

mf@y= The isograms in Figures 5-3 or 5-4 for the operating bandwidth of the
STRELLA or REDEYE missiles can be used to predict the maximum (critical) tracking
range of each missile as a function of aspect angle. This critical tracking slant

RC = K J JG T
(s/;e),r {(NET)

aireraft IR radiance in the missile spectral band in watt/steoradian
at an aspect angle of f.

effoctive atmospheric transmission

2
noise equivalent input at the missile aperture in wattfen”.
minimum signal to noisc ratio required fer tracking

0328 ft
cm
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Jg is obtained from either Figure 5-3 or 5-4 for each aspect angle. Since maximum

radiation occurs at 0° azimuth aspect angle, 6 represents different negative
elevation aspect angles at 0° azimuth.

(U) The effective atmospheric transmission, T, depends on weather conditions
and can vary from a value of near zerxc for high humidity or rain to near unity for
dry air. In other words, a value of zero means all the IR radiation is absorbed by
the atmosphere and none of it reaches the missile detector, while a value of unity
represents ideal weather conditions for the missile with no atmospheric absorption.
In this analysis the most conservalive value of unity lizs been used.

mffem The NEL, or sensitivity of the missile detector, depends on detector
characteristics such as the detector material and whether or not the detector is
cryogenically cooled to reduce nolse. Different detector materials respond to
different bandwidths in the IR spectrum. The STRELLA uses a lead sulfide detector
which is uncooled while the REDEYE uses a cooled lead selenide detector. The NEI
is 1 x 10-10 watts/cm2 for the STRELLA and 0.5 x 1010 for the REDEYE. Thus the
REDEYE detector is twice as sensitive as the STRELLA detector, while the cooling of
the REDEYE detector reduces noise to make the increased sensitivity usable in
detecting weak IR radiation signals.

(U} As is the case with any electromagnetic radiation, such as radio or TV, as
the distance between the radiation source and the receiver or detector increases,
the received signal becomes progressisely weaker while the internal noise generated
within the receiver remains constant, and it becomes increasingly difficult to
separate the signal from the noise. The minimum acceptable signal-to-noise ratic
depends on what false alarm rate and what probability of detection/trescking are
acceptable. Gererally a S/N ratio of about 10 is considered necessary for positive
identification of a signal. In this analysis a S/N ratio of 3 is used to extend the
missile tracking range to the maximum acceptable limit where the false alarm rate is
.0013 and the probability of detection/tracking is 50X.

=iy=For a given IR missile detection system with r=1, the only variable in the
expression for critieal tracking slant range L¢ Is the aircraft IR radiance Jg.
Since Jg increases with aircraft speed and thrust, a complete analysis of the
capabilities of either the STRELLA or REDEYE to track the aircraft throughout its
speed range from quiet to maximum speeds requires additional isograms similar to
Figure 5-3 or 5-4, but at higher increments of speed and corresponding thrusc.
Some of the data needed to generate these additional isograms is illustrated by
Figure 5-5. Although not shown here, isograms for each missile have alse been
calculated for each speed noted in Figure 5-5, and tracking ranges for a (S/H)T of
3 have also been calculated for each missile and speed.
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+8%=FIGURE 55
AIRCRAFT FLIGHT CONDITIONS AT 2500 FT ALTITUDE
Ve:;’dtv Mach | Fuet/air | Nozte Exit :ﬁ::‘"‘.
No. Ratio Presture Ratio oR
150 02285 | 0.001917 |  1.1184 632
200 0305 | 000183z | 11810 844
250 0381 | 0001838 | 1.2414 658
300 04575 | 0.002023 |  1.3584 681
350 0533 | 0002312 | 14932 712
400 0610 | 0002738 {  1.6594 752
445 0.678 | 0003184 |  1.8472 796
p——

wegd= Figure 5-6 illustrates the critical tracking range contours for each
missile and each aircraft speed at 0° azimuth aspect angle, but instead of a polar
plot of elevation aspect angle and slant range a more convenient set of coordinates
has been used to show distance below and behind the aircraft. The contours for the
STRELLA are for the same speeds as noted for the REDEYE. These contours can be
used to determine the minimum height above ground level at which the aireraft can
fly at a given speed to deny tracking to each missile. Thus at 150 knots the
corresponding helght AGL against the STRELLA is 200 ft. or 1300 ft. against the
REDEYE, vhile at maximum speed the corresponding neights AGL are 1300 ft. against
the STRELLA or 4300 ft. against the REDEYE. Again it should be remembered that
there is only a 50% probability of tracking at these heights AGL and they would also
be reduced by weather conditions.

=68= At a quiet speed (1.2 VgTALL with internal bombs) of 98 knots the thrust
required, and consequently the nozzle exit temperature, is slightly higher than at
150 knots but still less than at 200 knots. This is illustrated by Figure 5-7.
The nozzle exit temperatnre, which directly affects IR signature, is scen to hawve
the same value at about 1289 knots as it does at quiet speed, and lower values in
between these speeds. This indicates there is a fairly wide speed range for loiter
or ground search where IR signature is at its minimum value.
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6. RADAR CROSS SECTION

(U) The methods for estimating radar cross section (RCS) and the'techniques
available for reducing RCS were discussed in Section 5 of Reference (1). At that
time the RCS of the original quiet attack aircraft, Model 226-456A, was reduced by
the use of such techniques as exterior shaping to eliminate straight edpges and
flat reflecting surfaces, and by the use of radar absorbing material (RAM) in the
inlet and exhaust ducts. The RCS of that aircraft was then calculated for 0°
elevation viewing angle and all azimuth angles for two Soviet early warning and
two SAM fire control radar frequencies. These RCS calculations were made for both
horizontal and vertical polarization of the radar.

=@d==j  comparison of Model 226-454A previously showm by Figure 2~1 and the
current quiet attack aircraft, Model 226-458 in Figure 2-2, shows practically no
difference between them in shape, size, or any of the other factors which affect
RCS. Model 226-458 alsc includes the same interior features that were used on
Model 226-454A to reduce RCS, such as RAM in the inlet and exhaust ducts and plug
nozzles, Consequently, the RCS values previously established for Model 226-454A

are also considered applicable to Model 226-458, and are repeated here as
Figures 6-1 through 6-4,

6.1 RADAR CROSS SECIION VALUES

smfmlm Polar plots of the quiet attack aircraft RCS at two early warning radar
frequencies are shown by Figures 6-1 and 6-2, and for two SAM fire control fre-
quencies by Figures 6-3 and 6-4. These four figures are extracted from Referance
(1). Another plot has been added by Figure 6-5 for RCS at 15.56 GHz, which is the
frequency used by the radar fire control for the Soviet ZSU~23 23mm quad AAA guns.
All the RCS values in these figures are expressed in dBSM (decibels relative to one
square meter of RCS). dBSM i{s a logarithmic scale where dBSM is equal to 10 times
the log to base 10 of the RCS in square meters. Thus for example, dBSM values of
-10, 0, 10, 20, 30 correspond to 0,1, 1, 10, 100, 1000 square meters respectively.
Figure 6-6 summarizes the aircraft's RCS in square meters for each of the five
radar frequencies at the important viewing aspects of head-on, broadside, and tail~
on, All of these RCS values are for a clean aircraft without external stores.
The effects of stores, such as bombs carried on pylons under the wing, have not been
included 11: this analysis because the unpredictable interactions between the stores
and the wnderside of the wing should be determined by a RCS test program.

6.2 RADAR DETECTION RANGE

=89— Although the RCS values shown for the quiet attack aircraft are in most
cases orders of magnitude less than those for existing conventional aircraft, it
is virtually impossible to reduce RCS to the point where the aircraft cannot be
detected. This is illustrated by Fipure 6-7, also extracted from Appendix B of
Reference (1), where the radar detection range for 85% cumulative prohability of
detection of the quiet attack aircrast is shown as a function of RCS for the two
early warning and the two SAM fire control radars. The aircraft is assumed to be
flying at a quiet speed of 112 knots at 2500 ft altitude. Assuming scope detection
by radar operators, the KNIFE REST C and the FLAT FACE early warning radars are

horizon limited, while the FANSONG E and LOV BLOW fire control radars are limited
by the range scale or. their scope.
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~—terFIGURE 6-2
RCS AT 0.8156 GHz
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—CrFIGURE 6-3
RCS AT 6.0 GHz_
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RCE AT 9,2 GHz
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il A8 g1 example, the head-on RCS of the guiet artack aircraft at the
¥~band radar freguency of 9.2 GHz used for the LOW BLOW ig only 0.3 M2, which is
only 1% of the F~4B RCS under the same conditioms. However, Figure 6--7 shows that
even with this low RCS the aircraft can be detectad about 20 nautical miles away.
The reason for this diecouraging situation is that radar detection varies as the
fourth root of RCS5. This relationship is illustrated by Figure 6—8 which shows the
% reduction in detection range as a function of ¥ reduction of RCS. The amall plot
on the right side of the figure is a blown-up view of RCS reduction from 95 to 1007
to more clearly illustrate the larpge RCS reductions needed ro appreclably reduce
detaction ranpe. Alsc 1llustrated is an example to show the ¥ deteection ranpe
reduction Lf RCS is reduced from Bl down to 1 square meter {81 ia used for the
example because fts fourth root 1s an even number of 3). Even though the RCS
reduction is BO out of 81 square meters, or 98.7%, the range reduction is only 2
out of 3, or 67% Thus, if the original detection range for an RCS of 81 M2 were
100 miles, reducing the RCS to 1 M2 would still leave a detection range of 33 miles.

(U) FIGURE 58
DETECTION RANGE vs RADAR CROSS SECTION REDUCTION
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6.3 RCS AND ECM

(1) The resl benefit of low RCS comes when electronic countermeasures {ECHM)
is used by the afrcraft to jam the enemy radar. With ECM operating, the erratic
or unusual behavior of his radar scope alerts the enemy radar operator that he is
being jammed by an unfriendly aircraft In the general direction his rudar antenna
is polnting. Woise jamming is intended to overwhelm the ground radar operator by
Filling his radar scope with "snow." Deception jamming {s more subtle and is
Ilntended to confuse or decelve the radar operator inko thinking the alreraft is at
a different ranpe or bearing angle from the ground radar than it really is.
Obviously, the aireraft iz not covert or "quiet" when it 1s using ECM, so it should
only be used after the radar homing and warning system (RHAW) alerts the pilot
that he is beinpg painted by radar.

(U) with BCM operating, the aivcraft transmits a jamming signal which is
received by the enemy radar. At the same time the enemy radar fs also receiving
the return echo resulting from its own transmitter paintlng the aircraft. The
received jamming sipnal stremgth, J, varies as 1/R2, where R is the slant range
hetween the radar and the aireraft. The received echo signal strength, S, varies
as 1/R% and it also becomes weaker at a given range if RCS is reduced. Effective
jamming requires the J/¢ ratio be greater than some critical welue, usually about
10, At lonp range J/S 1s greater than 10, but as vange decreases S increases at
a faster rate than J, and the range at which the ecritical ratio is reached is called
the aircraft self-screening ranpge or the radar burnthrough range. This relation-
ship is illustrated by Fipure 6~9 for a glven enemy radar operating against a
eiven aircraft having a fixed RCS value and using a pgiven set of ECM equipment
For a J/8 ratio of 10, the relative ranpge for self-screening is at vi0, or 3.16.

(U} TFrom inspection of Figure 6-9, it is evident that increasvd power of
the jamming equipment or reduced RCS would deciease the relative range for self-
screening at the same J/S ratlo against the same enemy radar. Ccnversely, the
relative range For the same J3/5 ratio would ipcreass with a higher power enemy
radar, or with a larger RCS of the aircraft, or with lewer power ECM equipment.

=83~ The effects of both the aircraft's radar cross-section and ECM jamming

power on relative self-scicening range against a glven enemy radar is illustrated
by Figure 6-1U0. The minimum effective screening range, RS, s proportional to

the square root of the radar cross-secticn, ¢, divided by the ECM jamming power,
Py. Thus in peneral, a decrease in radar cross-section by a factor of 10 wiil
have the same effect on reducing Rg as an increase in jamming power by the same
factor of 10. As an example, assume we start with a radar cross-section of 1.0
square meters and an average jamming power of 1.0 kilowatts, which would give a

alative minlmum screening range of 1,0. TIF we reduce RCS to 0.1 sguare meters
and keep the same jamming power then Rs is reduced from 1.0 to v1/10, or 0.316.
{m the other hand 1if RCS remains at 1.0 square meters, an lncrease in jamming power
from 1.0 te 10 kilowatts would be required to reduce Rg to the same value of 0,316.
The importance of RCS reduction as a weipht saving tool can be appreciated on the
basis that the total installed weight of an FCM system is roughlv 1000 1b per
kilowatt, plus the additional weight of a pod to house the system. For the above
example the RCS reduction would mean a weipght saving of over 9000 1b in EOM
equipment alone, without even considering the adaitional benefits of not penalizing
the aircraft's performance or payload with highey power FCM equipment.
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(t)) FIGURE 6.9
ECM SELF-SCREENING RANGE
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—SHFIGURE 6-10
ECM SCREENING RANGE vs RCS AND JAMMING POWER
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e Figure 6~10 also plves a concrete example of the benefits of RCS
reduction when a specific ECM pod, the ALO-119, 1s used agalust a specific enemv
radar, the FANSONG E. The FANSONG £ is the fire control radar for the Soviet SA-Z
S5AM missile, The ALQ-113 ECM pod, represented by the dashed line in Figure 6-10,
is currently used on F-4 aircralt and produces 0.4 kilowatts of jamming power
against the FANSONG E radar. The ECM pod weighs 565 1lb and is completely self-
contalned, including an electrical power generating system driven by a ram air
turbine. At the FANSONG F frequency of 5 GHz the F-4 RCS for a head-on viewing
‘; aspect is 10 square meters, and its self-screening range with ALO-119 pod is
| 8.1 nautical miles. At the same frequency and head-on viewing aspect the guiet

¥ attack aircraft (0AA) RCS is only 0.4 square meters. Thus at this frequency and

: with any given jamming power the relative head-on screening range of the F-4
compared to the QAA is a ratio of five Lo one, Using the ALO-119 ECM pad apainst
the FANSONG E radar, the actual screening range of the QAA Lu only one fifth of
8,1, or 1.6 nautical miles. The real significance of this close sercening range
of 1.6 nautical miles is that it is less than the minimun launch range of about
2 nautical miles for the SA-2 missile. Since the SA-2 can not home on jam and
accurate tracking at any usable head-on launch range is dJdenied, the chances of Lhe
S5A-2 hitting the quiet attack aivecraft are low.
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%= The forepoing discussion was concerned only with screeninp range at a
head-on viewing aspect when the aiveraft flight path is direetly over the enemy
radar. lHowever, when there is s group of digpersed SAM sltes, each having its
own fire control radar, most of them will be viewing the aircraft at other azimuth
angles than head-on. Since the aircraft's RCS varles with the azimuth (as well ag
elevation) viewing angle and the jamming of the ALQ-119 ECM pod 1s not omni-
directional, it becomes important to take a Lroader look at ECM effectiveness.

3% The qulet stlack sivcraft's RCS at 5 GHz frequency was previously shown
by Figure 6~3 in dBSM as a function of azimuth viewing angle, for a comstant
elevation angle of 0° corresponding to flight at low altitude. Each dBSM value
can first be converted to RCS in square meters, and then converted again to mautieal
miles of self-screening range for the quiet attack aircraft with ALQ-119 pod against
the FANSONG E radar by using the relatiomships between RCS and screening range
discussed in comnection with Figure 6-10, Since the ALO-119 antennas transmit
jamming signals only within a 60° included angle cone forward and aft of the air~
craft, the azimuth viewing angles of interest are those within +30° of head-on and
tail-on.

migpem Figure 6-11 shows the shaded sectors on the pround forward and aft of the
alreraft, in the center of the figure and flying towards the left, within which a
FANSONG F, radar would be jammed. The cross hatched circle of two mile radius
centered sbout the aircra®t represents the ground area in which a SAM site could
not attack the aircraft because launch range is less than the miniwum required.
The clear areas without shading or cross hatching on Figure 6-11 therefore
represent possible SAM site locations which could attack the airecraft. However,
iF we assume the SAM sites are im a group ao larger than about a mile wide and
the airecraft heads For the center of the group, only those sites near the outer
edges of the group would have an opportunity to fire without being jammed or
minimum launch range limited. Even so, a S$AM site offset 1/2 mile from the
oncoming flipht path would have this opportunity for only about 0.35 miles cf
flipht path distance, which can be translated into less than 4 seconds firing
time available Lif the alrcraft were flying at 350 knots. The opportunity after
the aireraft has flown past the site would be even less.
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=3=F1GURE 6-11
ECM EFFECTIVENESS
ALQ-119 ECM Pod Against Fansong E Radar
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7. VISUAL SIGNATURE

=G An aircraft almost always appears as a dark object against the background
sky. This is true even at night. %The aircraft becomes detectable when Lts contrast
against the background sky as seen by an cbserver exceeds the contrast threshold
level of the human eye. The contrast threshold level is a funetion of the background
luminance (sky brightness) and of the angle subtended by the alrcraft. The applica-
tion of light colored paint to the afrveraft results in only a small rveduction in
visual detection range. Further reduction in the detection range can be accomplished
by replacing the background luminance blocked by the aircraft with light sources on
the airerafc, thus reducing the aircraft/background contrast and the assoclated
range of visual detectability. The resulting system comprises Visual Radiation
Source (VRS} camouflage.

Pas o A Rk
o ey, LRI e

S

m@gdem The use of VRS comouflage is examined for daylight, moenlight, and star-
light conditions. A separate VRS system for starlight could be provided but is not
considered necessary. A VRS system has been incorporated for forward viewing
aspects for a vange of conditions from daylight through twilight to moonlight.

7.1 HISTORY

=¢tr—The problem of reducing daytime visibility of wilitary aircraft has been
pericdically investigated for at least the past 535 years. For instance, immediarely
after W I Mr, Luckiesh, Reference (8), reported that uncamouflaged aircraft appeatr
very dark when viewed against g sky backgrownd. He stated thac ideally an aijrveraft
would have to be rende:»d equal in color and brightness to the sky background to
prevent visual detection. To achieve this poal Luckiesh investigated possible use
of transparent rovering materials such as bleached linen, whits silk and celluloid
for aircraft structure which weuld allow the sky to be seen through the aircraft,
but he concluded that use of such materials was not feasible. He also investigated
the use of various colored paints to minimize aircraft detectability and he sug-
gested that white or light blue paints should be used on the opagque under sides of
the aircraft. Mr. Luckiesh alsc theeretically investigated tha possibility of
{1luminating the undersides of the aircraft to match the brightness of the sky to
prevent detection, These same gencral concepts are still being considered.

mifem The VRS camouflage technique was first used during WW II and found to be
feasible for daylight operations. The need arose because B-24 bombers with depth
charges were unable to attack a surfaced German submarine before it could visually
detect the bomber and crash dive to escape. A requirement was then established to
equip a B~24 with "YEHUDI lights' to prevent its visual detection until it could
e - approach to within 30 seconds flying time, or about 2 miles, of an obsecrver. Since
the alrcraft would be headed directly towsrds the submarine, the mininum amount of
electrical power (500 watts) would be required wher the lights arc dasipgned to focus
their beam to the smallest angle consistent with the pitching and yawing of the B-24.
Speclally made sealed beam automobile lheadlights were installed in the fuselape
nose, in the wing leading edges inboard of the nacelles, and on brackets buelow the
wing outboard of the nacelles. This installation is illustrated by Figures 7-1 and
7-2. The effectivencss of the camouflage is demonstrated by Figure 7-3 showing how
A the B-24 would appear when viewed head-on at a distance of two miles against a
E daylight sky backgtound. The left side of the fipure shows the aircraft silhouette
E when the lights are turned off, On the right side of Figure 7-3 the lights are
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O£ IGURE 7-1
8-24 BOMBER EQUIPPED WITH YERUDI LIGHTS

QP 74-0008-82

=3 FIGURE 7-2
YEHUDI LIGHTS MOUNTED IN B-24 WING LEADING EDGE
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@mFIGURE 7-3

B-24 WiTH YEHUD! LIGHTS OFF AND ON
Head-On View at 2 Miles

a} Lights Off b} Lights On

turned on and the aircraft has virtually disappeared into the sky background.
Although prototype systems were flight tested, the VRS systems did not po into pro-
duction because of the war's ending.

{8) Towards the end of WW II a Grumman TBF torpedo bomber was similarly
equipped with lights for daytime visual camouflage. These were placed along the
wing leading edges and on brackets attached to the forward part of the engine covl,
Figure 7-4. With the lights on the head-on visual detection range was reduced to
less than two miles.

(5) Recent interest in this visual camouflage technique has been rekindled
by the high aircraft loss in SEA attributed to visually directed antiaircraft
artillery fire. An F-4 with a VRS camouflage suit for daytime protection is
currently undergoing tests at Eglin AFB. This daytime system is designed to camou—
flage the aircraft only in the forward sector at ranges beyond approximately twe
miles, but even so the input electrical power required for the lights is 1l4.2 KVA,
This illustrates the large amowit of electrical power needed to simulate the bright
daytime sky. In contrast, only small flashlight bulbs are needed for night camouflage.

7.2 UNCAMOUFLAGED ALRCRAFT DAYLIGHT DETECITION TESTS

() A significant consideration that bears on the reduction of aireraft
visibility is the range (slant distance) at which a non—camouflageu alrcraft can be
visually detected, Such data provide importank "bascline" information for the
evaluarion of visibility reduction technigques.
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== IGURE 7.4
TBF TORPEDO BOMBER EQUIPPED WITH YEHUD! CAMOUFLAGE

{U) Two experimental studies, References (7) snd (8), were performed by the
Human Resources Research Office (HumRRO) to determine the perceptual skill of
observers in detecting and tracking aircraft by the unalded eve. These studies were
: conducted under optimum meteoyological conditions and invelved the acqulsition and
By tracking of non-camouflaged jet and propeller aircraft flying at tactical speeds
?i (400 and 100 knots, respectively) at altitudes between 100 to 300 feet., The
) observers participating in the study were given approximately five minutes of early
N warning of the aireraft's approach, and knew the approach direction within a sector
3 of +15 degrees. The results cbtained indicated that if visibility is goed, the
terrain unobstructed, and observers have early warning they have a 50 percent chance
of detecting the alrcraft before it reaches a slant range of about 33,000 feet.
Visual detection usually preceded auditory detection except when terrain masking
was such as to deny unobstructed sight. The alrcraft (F-4C, F=100, T-33 and others)
employed in these studles have smaller wing spans “han the Quiet Artack Alrcralt
(QAA), which suggests that a QAA wmight have been detected at greater slant ranges
uider the same ideal conditions,

() Recognition of jet aivcrafr (as compared to detection) required a larger
apparent target for perception of distinetive features. Tentative recognition
occurred at approximately 21,000 feet and positive recognition at 10,500 feet. 1In
several of the detection and recognition tests, propeller ajircraft were included.
In general, acquisition ranges for these aircraft were shorter than those for jets,
The detection range associated with the F~4C was somewhat greater than the ranges

associated with the other aircraft and was probably attributed toe the very notice-
able F-4C smoke trail,

MCOONMELL AINCRAFT COMPANY . S ER A

DECLASSIFIED 7-4

109 of 223

. Unclassified




DECLASSIFIED Unclassified

REPOAT MDC A28
BTN M VOLUME I

(V)  Another experimental study, Reference (9), was performed in which the
obsurvers were uot given early warning and where larger search sectors werc invelved;
l.e., the obscervers had less accarate knowledge of the aircraft's direction of
approach. The same tvpes of jet alrcraft were involved as were used in the pro~
viouslv mentionad studies and they were flown at speeds of 400 knots and at.
sltitudes of cither 500 or 1,500 fect, The average slant range by which 50 percent
of the aircraft were detected was approximately 6,500 feet.

(U) Figure 7-5 summarizes the conditions and approximate slant range results
for the studies discussed above. It will be noted that tho combination of carly
warning and small search sector appear to have a highly significant influence on
aircraft acquisition runge. The limited data available indicatés‘“that the detezi:on
range of non-camouflaged aircraft may vary by as much as 25,000 feet, depending upon

such facters as vhether the ground observer knows approximately when and where to
expect the aircraft, i

{U} FIGURE 7-6
AVERAGE RANGES OF AIRCRAFT DETECTION

{
Aircrafe Speed . Altitude Search Early | -Average n
Type {kts) {ft) S=ctor Warning |, - Detection e
Size (deg) Range ({t)*

Propeller and 100 and 100 to I Up to 33,000
Jet Aircraft 400 300 5 min
Jec Fighters a0¢ 500 and 45 and 90 None 7.000

1,500 180 and 360 5,500

*Approximate stant ranges for a detsction probability of 0.5 in daytight.
QFrA 0009 2T

sfpm Pyy operatiocnal conditions in which the detection ranges are 25,000 to
35,000 feet, an aireraft will generally appear as a dark unresolvad spot. Mortled
camouflage paints (consistinz of different shaded blotches) or illusory patterns
that depend upon visual resolution will not be effective under such conditions.
Instead, techniques that focus on reducing the target-background contrast must be
employed. Two such techniques would be the use of paint which minimizes aircraft/
sky backgreund contrast and use of VRS camouflage.

7.3 PAINT CAMOUFLAGE

(U} Adreraft color has not been generally recognized as being a significant
feature in determining the ranges at which ground based personnel can visually
detect ineoming aircraft. Only recently have tests suggested that color may
actually have some significance after all in daylight detection..

=@ According to Referenca (10), a fleet evaluation of green paint was con-
ducted by the Navy in 1966 and indicated that aircraft camouflaged by green paint
were more easily detected than standard gray-white airplanes under most conditions.
Reference (10) also describes experiments in which F-4 aircraft were painted with
either a combination of low gloss gray and white paints or with low gloss or high
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B gloss gray paint, and the corresponding alrcraft detection ranges were experimentally
5 determined &0 rums apainst Soviet Bloc FIRECAN, an optical director and a 57 milli-

& meter anti-aircraft pun system, on the EWTES range at the Naval Weapons Center at

: China Lake. The aircraft made both level passe. at 1,500 feer altitude and 20 degree
? dives from an initial altitude of 22,500 feet. The high gloss gray airvcraft pro-

] duced somewhat lower detection ranpes to the obsexvers using optical ailds but was

reported mot to affect the vange at which unaided visual detection occurred,

mw Reference (11) states that the Havy Operational Test and Evaluation Ferce
conducted a test where A-4C and A-4E alrcraft were palnted with either standard gull
gray, light sky blue or green paint, or they were painted with a2 combination of tan
and black paint, They reported that the dark colors made the aircraft easiest to
detect against daytime sky backgrounds and that the light blue aircraft were most
difficult to see.

mefde= The latest reported study, Reference (11), employed F-ds which were either
painted with a light blue Desthal gloss enamel or with conventional Havy gray paint.
The aircraft made dives from 10,000 feet at the observer locations, wsth 4,300 foot
altitude pull-outs employing minimum afterburnier so as to eliminate the smoke trail.
The dives wera initiated at a ground range of 12 nm from the observers, who were
told when and where to look for the alrcraft. The pull-put speed was 450 knots.
The average slant range for umalded visual detection was 11,900 feet for the blue
F~4s and 16,300 feet for the gray alrcraft. The visible cross-section of the air~
craft is minimized during this diving approach and it is less than it would be on
high level airvcraft passes.

mppbew [+ also is reported in Refercnce (11) that E.G.&G. Corporatlon at Santa
Barbara, California has compared blue, gray and white aircraft and has concluded
tnat white is the most difficult to detect.

=TT In summary there seems to be no conclusive evidence to date that the
color of paint wsed on an aircraft will substantially affect the range wherc unaided
daylight visual detection occurs although there are indications that Light colored,
glossy paints may produce somewhat shorter detection ranges than darker paints.
Based on the inforwalion presently available, it appears that an appropriate choice
for the QAA "rurd be a light blue gloss paint. Assuming unobstructed vision and
advance warting, the QAA, 4f so painted, will normally be detected af ranges edqual
to or greater than 11,900 feet, since smaller wing span F-4 aircraft moving at hiyh
speeds have been detccted at this range when diving at the observer to minimize
their visible cross-uection, The QAA should present a somewhat larper visual
stimulus because of its longer wing span and it vrobably will be flving at slower
speeds than the P-4s, thereby increasing the probability of carlicr detection,

fEd—pr night, color app2ars to have little if any effect on detection, cxeepl
for the case where the aircra®t is caught in the glare of a searchlight, In thal
event a dull black paint, as 1sed by WW I anight fighters, is still probubly the
best choice.
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7.4 VES CAL:AGE FACIORS

memds This section Ls doevoted to a discussion of the variouvs factors involved in
VitS camouflage, which ineludes the lumlnamce or brightuess of the sky, visual con-
trast threshold levels, atmospherle contrast tyansmittance, visual point sources,
and visual acuity, The level of sky luminance determines the total amount of VRS
1ight required for camouflage and is needed to define visual contrast threshold,
The vigsual contrast t.veshold and atwospheric contrast travsmittance are used o
determine how closely the alreraft luminance has to match sky background luminamce
at various ranges such thut the aireraft will not be visually detected. The dis-
cussiot on polnt sources determines the minimum apparent brightness of a point
source of light which could be secen by a distant sbserver., ‘the brightness of an
individual VRE light must be less than the calculated minlmum apparent brightness
or the alreraft's position will be revealed by the observers detection of the point
source, Visual aculty must be considered in defining requived VRS light spacing,

7.4.1 SKY LUMINANCE - (U) The discussion of sky luminance can best be divided
into moonlcas ond moonlit/daylight categories since daylight sky luminance data can
also be gcaled to provide moonlit data. The sky luminance for each of these con~
ditions is likewise influenced by the degree of existing cloud cover.

Moonlass Night ~ (U} On meonless nights when the sun is at least 18 degrees below
the celestial horizoen, the faiot diffused radiation which reaches the earth's
surface is airglow caused primarfly by the radiation of atoms and molecules in

the upper atmosphere (80 to 120 kilometers in altitude). These atoms and mole-
cules are excited by direct solar radiation. lo direect radiatiom from the sun

or moon reaches the earth's surface on a moonless night. Secondary and weaker
sources of night sky illumination include stellar (star) radiastion, nebular
(cloud~like patches of llght) radiatfon, zodiacal (planet) rvadiation and in some
cases, at higher latitude, auroral {e.m., northern lights) radiation.

(UY A literature scarch was conductud to locate measwrod nighttine sky
Luminance data. The few reports Ffound, Beferences (12), (13}, and (14), which wer.
published prior to 1968 contained dats which were sketechy but generally indicated
that the luminance ¢ f the_starlit night sky near the horizon ugually has values lyi-:
somewhere between 2 x L1072 candies/ft” and 6 x 107% candies/fr®,  The lundnance
usually peaks atv clevatien angles approxlmately 15 deprues above the horizon and
decreases from that wvalue as the angle of sight approaches the horizon.

() A comprehensive report, Referemce (15}, written in LY96H by vhe Seripps
Institute of UDeeamography of the University of San Blege, conlains information on
a detailed measurement program of night sky luminonee. These meakurcments were made
under contract to the Air Force Avionivs Laboratory, Tortions of the measurcments,
. witich are of concern here, were made from a specially equipped (=130 afreraft durlng
) two Field trips o Thailand, the Eirst trip was made during Seppember and Qctober
: . of 1968, the wet monsoon seasoun, and the sccond trip was made during February, Hareh
i and April 1969, the dry scason. During both trips data were recorded over the
Khorat Plateau Forestued aren, over cultlvated arvas of th: Chao Phraya River dedta,
over the gulf of Siam, and over land arvas adjacent to the Gulf in the vicinity of
Rayong.
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(U} Serlpps Institute's flights numbered 821, 87, 88I, 8BII, 89, 101 and 102 were
essentially made during moonless conditions and are the cones of luterest to this
discussion. The following illustrations are developed based on the data from these
flights.

R TP

(U) TFigure 7-06 presents the average sky radiance measured at 1000 ft. altitude
on each of the above flights as a function of zenith apgle (09 directly overhead).
Radiance is the flux density of radiant energy per unit solid angle per unit surfacc
area, and has the units of watts per solid angle per square meter per mieron cof
wavelength, (While radiance is the measure of total energy, luminance is the measure
of visual energy). The phototube used in these tests approximates the spectral
response characteristics of the human eye, The data in Figure 7-6, therefore, can
be used as relative sky luminance charactecistics. The curves in Figure 7-6 are
teported to be typileal for each flight and varied very iittle for altitudes between
0 and 5000 ft. With the exception of Flight 821, which shows the effect of the moon
behind overcast at a zenith angle of 759, the data shows that the varlation of sky
radlance, and hence sky luminance, varles over a very small range as the zenith angle
is varied., 'The data in Figure 7-6, including that for Flight 82I, was averaged over
all azimuthal angles,

(V) 7The curves for Flights 88L and 89 were taken under thick overcast condi-
tivns and show increasing values of radiance us the zenlth angle approaches 950°,
This is largely due to the reflection of ground sources which colluctively tend Lo
croute a peak luminance at a 909 zenith. The general shape of the remalning curves
show a rise in sky radiance ag the zenith angle incrcased from 0° to 70° followed by
a drop as the zenith angle increases further. The most significant obscrvation is
that radiance or luminance levels for the woonless night sky vary only siiphtly wit%
zenith angle and can usually be veprescented by the measured radiance value at aun 80
zenith angle with less than 25% error for other angles. This accuracy will be
adeguate for later VRS calculations,

(U Figure 7-7 is a plot of the wmeasured vertical transmlssion coctficlents;
i.e., the relative amount of light which when transmitted directly dovmward roaches
the ground without being scattered or absorbed, as a function of altitwde for five
of the flights. The transmission cocfEicient, T, of a gpiven path through the
atmosphere for a given waveleupth is

where

c=fet a

wherte (L) is the atmospheric oxtinction cowificient ¢ at some distance, b, alonp
tire path and dbL Is difforential path lenpgth, Fipure 7-8 glves the averape
atmowpluric extinetion coefficient correspomding to the data in Filgure 7-7 Tor
rire 5000 foot altitude ranpge. Vipure 7-% indicates tvpical valuws of atmespheric
extinetion couffleionts for various atmospherlc comditions. It van be scen thot
4L five flights were made during very clesr or exeeptlonally clenr atwosphenic
conditions.

(G) The ratio between the radiatlon flux woving through the stmesphere in the
upward direetbon and that moving downward, the albude, was also measured on Tive ol
the flights and is plotted ag n function ot altitwde in Figore 7=, These are ased
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{U) FIGURE 7.7
MEASURED VERTICAL TRANSMISSION COEBFFICIENT
1.0 ey T
P et o R L——.::‘_-ﬂJ:_ 102
il LT Y S I 1
(1% ] b
Flight Mo,
£ o
:
® 0.4
8
0.2
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Altitude - 1000 ft AF74.0009-09
{U) FIGURE 7-8
AVERAGE ATMOQSPHERIC EXTINCTION COEFFICIENTS
. Extinction
Flight No. Transmittance Coefficient
{Ground Level to 5000 ft) e
: ]
v 0.937 130 % 10
1 g Wot Season 0.928 149 x 10~
881 0.877 262 x 10~8
87 Dry Season 0.859 3.04 x 10'“5
8 0.800 446 x 1078
T = axp (oL} arie acts a0
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WU} FIGURE 7.9
TYPICAL VALUES OF ATMOSPHERIC EXTINCTION COEFFICIENT

Atmospheric V:::::V o
Conditi t
onditions (M) {1/t

Exceptionally Clear 60 1311075

0 312x 1078
Very Clear 12 5.25 x 10D

10 .40 x 1075
Clear 6.2 1.03 %1074

5.0 128 x 1074
Light Haze 25 2.62 x 10~

20 320 %1074
Heze 12 526 x 10~%

1,0 840 x 1079
Thin Fog 0.62 1.03 x 1073
Light Fag 0.3 213 %1073
Moderate Fog 012 | s2ax1073
Very Light Rain [0.06 in./hr) *5.07 x 1075
Light Rain (0.12 in./or) *1,03 x 107¢
Maderate Rain (0,27 in./hr} *186x 10"‘4

*Addition 1o O ebove,
GFP74 QUOB.AY

(U} FIGURE 710
AATIO BETWEEN RADIATION FLUX MOVING UPWARD AND DOWNWARD
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gﬁ later to determine the maximum range at which an uncamouflaged alrcraft can he
%; visually detected., The erratic nature of the curves for Flights 87, 83 and 102 was
i caused by ground light. The curves for Flights 101 and 83 are probably representa-

tive of the data if such extraneous sources had not been present,

gh Moonlit and baylieht Skies - (U) When the moon is nearly full and high in the sky,
s it 1is the dominate source of night sky luminance, thus paralleling the role of the
K sun during daytime. Therefore, when moonlit sky luminance data is unavailable it is

)

agsumed that daytime sky luminance data can be scaled and used. An example,
Reference (16), of such daytime data was measured over Florida in 1936. ilytime sky
luminance contours (in candles per square foot) for a 2000 ft. altlitude are plotted
in Figure 7~11 using this data. 7The center point of the figure represents the 0°
zenith angle while the outer clrcle represents the 90° horizon. The sky luminance

is seen to Increase as the horizon is approached, i.e., as the zenith angle
approaches 900, except at azimuth apgles close to the sun. In this reglon the sky
Luminance increases as the zenith anple approasches that of the sum. The scaling
factor of this data for nighttime use corresponds to the ratio between the daytime
and nighttime ground level illumination. Figure 7-12, based on Brown's data in
Reference (17) can be used to determine the required scaling factor. Observe that
the nighttime/daytime 1llumination ratio correspounding to a full moon and an un-
obscured sun is approximately 3 x 1076, Figure 7~11 scaled by 3 x 100 is plotted

as Figure 7-13 and thus represents the sky luminance data which would be measured

on a clear night with a full woon at a zenlth angle of 41.5%%°. Although sky lumlnance
for moonlit skies is a function of azimuth angle, it is nearly constant over 270°.
Moonlit sky luminance appears to continuuusly incresse with increasing zenith angle,
and the magnitude of luminance, except in the direction of the moon, is approximately
100 times greater than the corresponding luminance of moonless night skies.

e

G

iz

it A

7.4.2 HUMAN EYLE RESPOHSE — (U) Since the human eye is the detector which can sense
the presence of rhe QAh, it is in order to bLriefly describe some of its character-
isties. In the human eye, the retina is the actual argan within whieh the stimula-
tion by physical Light takes place and where the sensatlon of vision Is initiated.
dear the surface of the retina is a layer of rod-like and cone-like cells within
whicl the First steps of the physiological process of light reception Lakes place,
it is believed that the rods function principally in weak light, such as exists
during twilight; thoy mediate to so-called scotopic vision that responds to wiak
stimuli but is not capable of distinguishing colors. The cones in turn function in
bright light and respond specifically to certain wavelengths of the aspectrum (L.,
to colors) and besides, sarve the perception of much finer details (acuity),

et e

i

rd-

o

(U} The cones are most deuse in the foveal {the center part of the vetina) and
the density decreases rapidly with distance outward from the retina center. Vision
! attributed to the cones 1s called foveal vision. The excitation uf the foveal
E corresponds to vision of objects positioned within approximately 2% uf the eye's

i optleal axis. In contrast, the density of the rods at first increase vith distance
outward from the center of the retina, peaks ab pesitions eurresponding to vision
of objects posf{cioned at approximately 20° from the optical axis, and ducreases
thereafter with distance. There are essentially no rods located a2t the center of
the retina. Vision attributed te rods is callued parafoveal vision.
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{U} FIGURE 7-11
DAYTIME SKY BRIGHTNESS
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{U) FIGURE 7-12
GROUND LEVEL ILLUMINATION
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(U} FIGURE 7-13
MOORNLIT SKY BRIGHTNESS
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(U} Maximum object detectability occurs within the rod-free central fovea wnder
conditions of high~level {photopic) daytime adaptation conditions, but at scetopic
levels in davkness the detectability is virtually uniform throughout the reglon
within 20° of the fovea, with resolution diminishing toward the periphery. For the
scotopic adaptation the sensitivity of the rod-free central fovea effectively
vanishes and the greatest sensitivity occurs iu the ving-shaped parafovea where the
population of rod receptors is dense.

(1} The transition between the phatopic 1nd qcotgpic regions occurs at a
background iliumination in the viclnity of 1073 to 10”9 footcandles. Therefore, for
daylight and moonlit conditions with quarter-moon or greater brightness the phetoplc
adaptation is applicable and for moonless conditions the scotopic adaptation is
appliceable,

7.4, VISUAL CONTRAST THRES'NLD LEVELS - (U) Visual contrast threshold levels were
experimentally determined c...ng WW I1 by H, R, Blackwell's group at the

L. C, Tiffany Iastitute, Reference (18). Experiments were conducted which employed
the projection of a spot of light on a white screen for a short period of tine,
Observers scanned the screen and indicated if and vhere they believed the stimulus
had occurred,

(U) The resulting data, pressnted in Figure 7-14, is accepted as representing
the 50% probability of detecting a visual stimulus given gn unlimited observation
time and similar experimental -conditions. The discontinuities in the curves at
about 2 x 107% candles/ft® marlks the transition fivom photopic to scotopic vision.
Ubserve that the visual contrast threshold associated with night sky Luminanee levols
of 5 x 104 candles/€t2 may be up to 1000 times (depending on stimulus size) the
threshold contrast levels associated with typical daytime skics luminance levels of
1000 candles/ft?,

(U} FIGURE 7-14
THRESHOLD CONTRAST FOR DIFFERENT OBJECT SIZES AND
BACKGROUND LUMINANCE LEVELS

L1t T T
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(U) Figure 7-15 gives a contrast threshold adjustment factor used to correct
the data in Figure 7-14 to other values of probability of detection. Observe that
a four-ro-one variation in contrast corresponds very nearly to a variation in
probability of detection from 10Z to 95%4. '

{U} FIGURE 7.15 B
CONTRAST THRESHOLD ADJUSTMENT FACTOR
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(U} It is obvious that Blackwell's data corresponds to ideal experimental
conditions. During a period of several weeks, the observers were allowed to become
thoroughly experienced befure experimental data was taken. They were well restuod,
and their comcentration was required for periods of only a few scconds per obser-
vation after which they were allowed to relax. TFatigue and distraction were
essenktially absent,

(U) Many multiplicative cor..ction factors have been proposed to allow e of
Blackwell's data under less than ideal experimental comditions, Reference (V). For
instance, a correction factar of 1.19 hus been suggested for correcting for vigilance
and is probably satisfactory when a stimulus occurs vandomly at approsimately 10
minute intervals. A correction factor of 1,90 has been sugpested for ose whan
untrained observers are involved, Other correction factors ape required for
farigue, distraction, anxietv and a host of other clrcumstances,

7.6.4 ATMUSPHERIC GONTRAST TRANSMITTANCE - (U) Per Weferences (20, (1), and (22},
the apparent luminance of a distant object is the sum of two indepundent compununis:

~

(1) The residual {mape forming light from the object that has traversed the
atmospheric path to the observer without naving been scattered or absorbud.

bl g i

(2) The additional light arriving at the observer that is attributed to the
y scattering of ambisat light throughout the path of sight, including sumlipht,
4 moonligiit, skylight, carth-shine, ete.
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The first couponent of light containe information concerning the object whereas the
gecond component, depending on scattering and abrorbing processes throughout the
path of sight, ia independent of the pature of the object. As a result of the above
processes, the apparent contrasi between an object and its background is attenuated
a6 tiwe position from which the object i3 viewed 1s located further from the objeet
itself. It is shown in Appendix A that when the attenuation length, L(2), which
is the reciprocal of the extinction coefficient, and background luminance are con-
stant nver the path of sight, such as for horizontal paths of wview, the apparent
contrast Cp (2, 8, ) is related to the actual contrast Cg {Zg, 8§, 93, by:
-(z-zt)sacﬁ
Cr(z,e,é) = Co(zt’ 8,9) exp ——ty (1)

where

z is the altitude from which the object is being viewed

% is the altitude of the object
8 and ¢ define the direction of view

In this special case, atmospheric contrast transmittance is the same as the direet
atmospheric transmission of a light beam. This equation will be used later when
determining the feasibility of using VRS camouflage.

7.4.5 POINT SOURCES - (U} If the data in Figurc 7-14 on visual contrast thiresholds
{s crossplotted for comstant values of background luninance, B, it is observed that
the product of contrast, between the cbject and the background, and subtended solid
angle remains constant for objects sufficiencly small in terms of subtendued solia
angle. The largest angular width of the object for which this product rumains con-
stant 1s called the "eritiecal visual angle”, This is shown in Figure 7-10 as &
function of background luminance, and it affords a practical definition of "point
sources" as far as the eye is concerned.

1
*3
|
3
i

=iyes The total power radiated by an ubject of uniform luminance which just
subrends the critical angle with a contrast that gives a 50% probabllity of dutce-
tion defines the total power radiated by a peint source which has the same 507
probability of being detected. To illustrate this concept and ils use in VRS
caleulations, assume that a l.45 foot diameter circular object is lorqtcd 5000 fu.
from an observer and that the background brightness is 107! candle/fr-. For
simplicity, assume that there is no atmospheric contrast attenuation. The ohject
just subtends the critiecal angie of 1 minute (Figure 7-16) for the stated backeround
brightness and if ir has a luminance of approximately 0.2 candles/ftd, f.e., iF its
contrast (0.2 - 10~1) is approximately unity, it will have u 50% probability of

10~

being visuwally detected {Figure 7-14)}. The object's total radiant intensity for
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5 (U) FIGURE 7-16
% CRITICAL VISUAL ANGLE FOR VARIDUS
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this example would be 0.33 candles (1.65 ft2 axea x 0.2 candles/ft? luminance). If
the "point source concept' is emploved, the above object can be replaced by a
perfectly absorbiag (black) screen of the same size with a small 0.33 candle source
centered on this black screen and have the same probability of being detected. If

a higher intensity is radiated, the average contrast between the source and absorbing
screen and the background increases, and the source has a higher probability of

heing detected. On the other hand, if thc intensity of the source is decreascd
slightly, the average contrast drops below thresheld and the sereen and source
becomes invisible.

7.4.6 VISUAL ACUITY - (U) From the discussion in the preceding sections it is
apparent thac objects which ave bLrighter than the backgroumd can always be seen
regardless of size if they ave bright cnough. The same thing Is not truv of obje
vwhich are darker than the background. There is alwavs a minimum object size (detiuca
by the sybtended angle) which has a 50% or higher probability eof buring dutected.
Objects much smaller cannot be scen regardless of their depree of darkaess; even if
the object iy perfectly black, it caunot be szeu, Visval aculty is defined as the

i reciprocal of the above minimum subtended angle in minutes. Visual acuity is thas

g directly related to the ability to resolve an object. In fact, an alterpatoe
definition of acuity, the "minimum scparable" is sometimes used, The "minimum
separable"” is the minimum angular distance required between two large dark objocts
for discriminarion of separateness. Experimental measurements have shown that beth
E: definitions give essentially the same resuits. Fipure 7-17, adapted from Referenee
{23}, presents visual acuity as a function of hackpround luminance.  tnder starlighe
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conditiens visual acuity is sheout 0,05 for pavafoveal vislon and lowexr for foveal
vision., This means that perfectly dark objects which subtend less than 20 minutes
are will probably not be seen. Inder conditions of full moen light the foveal
vigual acuity exceeds the parafneal visual aculty and it is about 8.16. Dark objects
which subtend much legs than 6 minutes of arc will probably noi be seen.

2 { (U} FIGURE 7-17
. ‘fa VISUAL ACUITY vs BACKGROUND LUMINANGCE
& 16
3 14
2 / Cones
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7.3 VRS CAMOUFLAGE APPLICATION

7.5.1 UNCAMOUFLAGED DETECTION RANGE — =@ In order to establish o basis for
comparative purposes, the maximum range at which an unecamouflaged QA flving at

2500 ft. altitude might be visually detected under starlight conditiens Ls Flrst
calculated, Calculations were made for both a white and a black aircraft. The
white aircraft was assumed to have a reflectivity of 0.9 and the black aircraft
raflectivity or zero, The results are shown in Figures 7-18 and 7-19Y. The following
comments pertain:

1. The luminance of the starlit sky is assumed to be 3.0 x 10=53 candles/ 0~
based on the sarlier discussion of nighttime sky luminance.

2, The wing span of the QAA Is 56.5 ft. which defines the anples subtended by
the aircraft at various ranges for head-on viewing. These angbos are usuod
to define the object anpular sizes when cmploying Fipure 7-14, singe Lamar
et al in Heference (24) have shown that the threrhold contrasts of rectanpo-
1ar type objects are defined by t'.: objects larpest angular dimeusion and
arc independent of the shorter 1 sion providing that the shorter disen-
siou exceeds 2 or 3 minutes of are, as in this case.

—yperer—
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{U) FIGURE 7-18
THRESHOLD CONTRAST AND APPARENT AIRCRAFT CONTRAST
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(U) FIGURE 7-19
MAXIMUM VISUAL DETECTION RANGE
OF UNCAMOUFLAGED AIRCRAFT
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3. Threshold contrast is found by using Figure 7-14, the above value for sky
luminance, and the angle subtended by the siveraft. The resulting values
of tureshold contrast are plotted in Figure 7-19.

4. The ratio between the luminance of the bottom of the alreraft and the sky
background was assumed to be the albedo multiplied by the reflectivity of
the paint. An albedo of 0.22 was assumed ss representative of the data
measured by Scrippe Institute (Flgure 7-10), The luminance ¢f the bottom
of the aircraft is then .22 x .9 x (3.0 x 1073) or 6.0 x 106 candles/ft2,
The Intriusle conbrast at the airecaft s (3.0 % 1073) - (6.0 x 10~6)
oxr 0.8, 3,0 x 10-2

5. The vertical beam tranemittance between ground and 2500 £t. was assumed to °
be 0.9% and is representative of the results obtained by Scripps Institute
for the Thailand night sky (Figure 7-~7). Thie value of 0.93 is then
corrected for the actual slant range.

6. The background sky luminance and the attenwation length, as defined iIn
Section 7.4.4, are assumed constant over the path of sight.

. - g e R A 2 At U g il e Fm B Kt o T
N, B e T O AT LY T e e T B Nt L DT e S R e

1? 7. The resulting apparent contrast of the white aireraft (from Equation 1) is
Y ghown in Figure 7-19. The intersection of this curve and the threshold
{i contrast curve gives the maximum detectasble range of the aireraft, about

i 7500 ft,, based on a 50% or better probability of detectlon.
?f 8, A& similar caleulation for the black aircraft was made and the results also
31 shown in Figuve 7-19, The maximum detectable range for this case ig about
E 8400 ft.

]

Similar calculations could be made for full moon or daylight conditions,

5.

7.5.2 VRS ELEMENT INTENSITY ~ == A VRS camouflage system requires individual
illumination elements (lights) located discretely on the ailreraft. If an individual
element becomes too bright, it can ald the enemles visual aecquisition capability.

It is necessary to determine the maximum intensity that a VRS element might reach
before bucoming visible to an observer, This ealculation is indicat.d in Figure 7-20
for starlight, full moon, and daylight conditions. The results are plotted on the

right side of Pigure 7-21. The following additional comments pertain to this
calculation:

s S

1. The critical visual angle was found using Figure 7-16.

'

ekt

2. The critical circle ig the clircular area at the QAA's position that just
subtends the critical wvisual angle.

3. The correction factor of 0.5 was arbitrarily chiosen Lo reduce the.
probability-of-detection from 50% te about 15% and thereby adopt a morc
conservative design approach (Figure 7-15).

i 4. The results of this calculation are conservative becausc no adjustment has
been made to the threshold contrast to compensate for less—than-laboratory
viewing conditions, and because an observer may neot be sure that he has
actually seen an object when the probability-of-detection is less than 903,
as discussed in the saction on visual contrast threshold levels,

MEDONNELL AINCRAFT COMPANY e
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=t=F IGURE 7-20
MAXIMUM INTENSITY OF A VRS ELEMENT
Sky Critleal | Cowtrast | Grawnd 7 Slawt | Ebevation | Critiesd | Comeast | Vetringic | Coersetion | Maximum
Luminanes | Viemt | Tivwhold | Range | Runge | Anghe Cwcl [Transmittonne} Contrast | Fastor | Poiwt Sowese
dft™d) | Angh | forthe i) () | lisg) | Diametar Intensity
{enin} Grittcal {f} {Candio}
Angle
8.0 3.0 2,600 3,608 1 an.2 0.26 .00 3.3 08 0005
Starlight 8.0 3.0 B.000 5,860 | 241 1483 ¢.BH 363 0.6 0.014
{3x 10"'5} 8.0 3.0 7,600 7908 | 176 20.70 0.7¢ 3.80 0.5 0.029
8.0 30 10,000 | 10,308 | 138 28,92 0.74 4.086 0.8 0.0862
3.0 1.0 2,500 3,636 | 3B2 3.08 0.80 1.1t 08 0.017
Full Moon 9 30 1.0 5,000 BEBD [ 2441 4,88 4.86 1.18 0.6 0.045
H1Ex 1079 3.0 1.0 7,660 76806 178 4,80 (.78 1.27 0.5 0.082
30 1.0 10,000 | 10,308 | 13.8 a.00 0.74 1.38 0.5 0.180
0.76 05 2,600 3,636 36.2 0.77 0,80 055 05 286.0
Daylight | 078 | 05 | 65000 | 6580 241 | 122 | 085 | 068 | 0B 7260
{480} 0,75 0.8 7600 | 7,806 | 175 1.73 0.79 0,63 4.6 1 14B4.0
Q.76 08 10,000 | 10,308 { 138 2.28 ¢.74 n.e8 0.5 2857.0
GPYa 0D D2
==k IGURE 7-21
INDIVIDUAL LIGHT SPACING AND INTENSITY
Spacing Intensity
50 10,000
ot el
1,000
40 / /
3 100
-p"‘"&
36 hd
4 - 10
3 2
I & .
20 /
0.1 hl\oﬂ“““h‘
10 yooriS /”?Jgi—'-"‘"
/ 0.0t
- Daylight
0 = I 0.001
Q 2 4 ] 8 10 (¢} 2 4 6 8 10
Ground Range - 1000 ft Ground Range - 10001t . ...
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7.5.3 NIGHY VRS CAMQUFLAGE - widdessiiha dansity of a2lements (spacing of individual
lights) requived for VRS cawouflage is inversely related to the Maximum Aireraft
Cross Section that can ba Camouflaged (HMACSC) by one element. The MACSC 1s simpliy
the maximum intensity that can be radiatad by one VRS element divided by the back~
ground sky luminance., The MAGSC for various aivorsft ground ranges is indicated

in Figure 7-22 for both starlit and moonlit sky backgrounds. The angle subtended by
the camouflaged cross seckion assumes that a cirveular aireraft cross section is
being canmvublaged by each VRS wlement, The subtended angles are conslderably less
than the resolution of the human eye at these background luminance levels, as dls-
cuszed in the section on visual acuity, 7This means that the maximum allowable
intensity of the VRS elements, and not human visuval resclution, is the limiting
factor when minimizing the number of VRS elemeits on an aircraft. The data in
Figure 7-22 indicates that a VRS element spacing of 3.8 Et. is required to camouflage
an airplane as it approaches to 2500 f£t, ground range during full moonlight, whereas
the individual elements can be spaced up to 15 feet apart for starlight operation.
The required spacing vs. camouflage range, for daylight as well as starlight and
moonlight conditions, is shown on the left side of Figure 7-21,

: =&+E1GURE 7-22
MAXIMUM AIRCRAFT CROSS SECTION CAMOUFLAGED BY EACH VRS ELEMENT
Statlight Moonlight
(3 x 10~5 cd %) 16 x 103 od 2

Angle ] - g " Angle - Angle
Subtended %:'::. H::;: ,:m::is':;a“ Diamuter Subt;:d od nmﬂism“']ﬂ Dismeter Suht;:ded
by Aireraly (0 i (2} ) Cross Saction rns:ﬂ;}ct on i) Cross Section

{min} {niin} {rmtin}

54.1 2,800 3,636 178 16.0 i4.6 1.5 38 3.7

342 5,000 6,590 459 24.2 14.8 29.6 8.1 3.75

4.2 1,600 1,806 975 352 153 61.0 8.8 3.8

18,6 10,000 10,308 173 47.0 18.7 106.5 11.6 386

ROF LRI
weigme A5 & visual target becomes larger, its visual threshold decteases, 'This

suggusts that the tolerance cn individual VRS element intensibty is less evitical
than the tolerance on average airvrcraft Luminance, The latier s evaluated in
Figure 7-23, It is obvious that accurate measurements of sky backpround luminance
and close control of total radiated light will be required for a VRS systuem to
provide moonlight camouflage at short grownd ranges, This coupled with the hiph
density of VRS elements required does not make VRS camouflape attractive for all
aspect viewlng at ghort range during moonlight cenditions.

MCEGONNNLL AIRCRAPFT COMPANY S —
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e IGURE 7-23
REQUIRED REGULATION ON AVERAGE AIRCRAFT LUMINANCE
Starlight Moaoan]ight
3x10~° cd ™2 15 x10"3 cd ™2
Angle a q Slant Rog:iation Re@};llntion
Subtended roun sh Cantrast on Averags Contrast an Average
Ran Ran Alvcreft Afrcraft
by {f::::;m {8t {e Threshold | (1 iance | Torashold L inance
{%} (%}
54.1 2,500 3,536 0.20 20 0.010 £0.10
3.2 5,000 6,680 0.34 i 34 0.012 0,12
242 7.800 7,808 0.58 * 42 0.016 D5
18,6 10,000 10,308 1.00 +100 0.018 £0.18

QP74 LOOT 106

g One additional expected difficulty caused by the low visual threshoelds
associated with moonlight conditions concerns the vatiation of sky luminance with
elevation. (It was stated eariier that this variation should not be a limiting
factor during moonless conditions.) As the QAL flies toward an observer, itas

4 elevation angle changes. For instance, the alreraft elevation angle increases from
" 13.6° to 35.2° as the QAA flies in at 2500 ft. AGL from a 10,000 ft. ground range
“F ta 2500 ft. Figure 7-13 indicates that a 2:1 or greater variation in sky luminance
-5 is associated with this angular variatien. Thus it would be extremely difficult

if not impossible to tallor the aircraft luminance to elevation variations unless
the alrcraft flew closer to ground level in level flight, or unless it were iun a
shallow dive straight at the observer and target.

7.5.4 DAYLIGHT VRS CAMOUFLACE - {(U) The application of the VRS concept to daytime
condition 1s somewhat similar to moonlight conditions. In moonlight counditions

the VRS zlement radiation intesity would have to be adjusted to compensate for
changes in background sky brightness assoclated with aircraft position with respect
to the ground observer and the moon. This becomes very complex when all aspect
capability is required. Limiting the VRS camouflage to only the nose vicwing aspect
wauld probably be practical for moonlight. It follows that since all aspect
capability during daytime is most likely impractical, a limited aspect daylight

VRS system weuld be the best to study.

r-.,-_-.“:_.{‘:'._ ol ook ﬂ""‘fﬁ" R

.
.

oo el

ey

wilide The case studled was where the DAA is flown at an altitude of about

R 200 feet directly toward enemy personnel on the ground or aboard ship. The objuetive
4 of the investigation is to specify the general characteristics of a VRS system

which will prevent nose-on QAA visual acquisition until the airerafr is within

7500 feet range of the observers. The VRS system has to provide camouflage only
within a very small angular sector forward of the aircraft; e.g., within a 10 degrec
half angle cone about the nose of the alreraft. For this analysis, the Efrontal
aspect of the QAA is assumed to be painted black, which presents the worsLl vase and
also simplifies the analysis since no allowance is necessary for variations in
alreraft reflected sunlight. XIE the front of the aircraft were painted Lipght blue,

MECDONNELL AIRCRAFT COMPANY e R e —
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as suggested earlier, lower levels of VRS radiation would be required Lut the
differvence would be small.,

T A A M A N gt M e -

mbide The frontal cross section of the QAA is approximately 90 square feet. The
brightness of the sky background is assumed to be 500 candles per square foor,
which 18 typical for near the horizon on a clear day. One half of the VRS system
radiant energy is assumed to fall outaide the desired sector. The golid angle for
a 10 degree half-angle cone is /4 x (20/57,3)2%, or .0955 steradians. The radiant
energy which must be suwitted by the VIS eystem to provide camouflage in the 10 degres
half-angle cone is

1/2(1) = {90 ftz) (500 candles) (0.0%55 steradians)

ft2
I = 8600 lumens

Assuning each VRS element produces 20 lumens for each inputted watt of electrical
power and there 1s a 75 percent efficlency assoclated with converting alrcraft
Prime power to input power for the VRS system, approximately 573 watts of alreraft
prime power will be needed. Required aireraft prime power requlrements are, thus,
modest compared to that which would be neceasary if camouflage would have to be
provided for large anguiar sectors.

midm Tipure 7-17 indicates that human visual aculty, the reciprocal of the
eye's ability to resolve cbjecte at high background luminance levels such as pro-
vided by the daytime sky, is approximately 1,7. Thia date indicates that two
dark objects, such as the darker aircraft surfaces lying midway between VRS slements,
may be resolved when their separation exceeds (.7 minutes of arc. In practice, it =
has been found that VRS element spacing can be increased to approximately 1.4
minutes of arc before the effect of the camouflage is lost. The apparent above
discrepancy is probably due to partial illumination of the surfaces midway between
VRS elements. Based on the 1.4 minute of arc criteria, the spacing between VIS
elements should be no greater than approximately 3.25 feet for a 7500 foot ground
range. If a VRS element compensates for a 3.25 ft x 3.25 ft rectangular element
of sky (with a sky intensity cof 500 candles per - 'square foot) it should radiate an
intensity equal to
3.252 fl:"2 x 500 candles = 5300 candles
£t

mfwim Figure 7-24 depicts the QAA with a possible arrangement of 23 VRS clemuuls
E | which have a maximum spacing of approximately 3,25 feet. Exact element Location

i . would be determined experimentally during the system's design phase. Uue or twe
additional VRS elements may be needed along the sides of the QAA since the side may
be partially visible to observers located nearly 10 deprees off the alreraft's
flight path.

MCDOAMNELL AINCRAFT COMPANY 120z
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=erFIGURE 7-24
POSSIBLE VRS ELEMENT LOCATIONS

GP74-G009- 106

mfidem General Electric was contacted concerning seal beam lamps which might be
used as VRS elements., Thelr 4589 seal beam, whose characteristics are given in
Figure 7-25, approximately fulfills the above requirements. 'The lamps could be
operated approximately 4% in excess of rated voltage to obtain 5300 beam candle
pawer, which would lower expected life to 80% of the rated value. The total weight
of a system based around use of these bulbs is estimated at approximately 100 1bs.

{U) FIGURE 7-25

P CHARACTERISTICS OF GEABBS
SEALED BEAM LAMP
Voltage 28 Volts "
Electrical Power Required B0 Watts
Beam Candle Powar 5000
Beam Coverage 25° x 30°
Diamater 451n.
Dapth 2.75 in.
Rated Life 400 hrs

Gh?4 0CoR 107

mmpguemTlie power required and the diameter of the above lamps arc somewhat
greater than desired. Discussions with lamp manufacturers indleate that other
smaller lamps could be used, including the development of a 2 inch lamp with a beam
coverage of 20 degrees to meet the requirements of this example. The total weight
of the required VRS system would be in the area of 150 1b,, which was included in
the electrical system welght in Figure 2-6.

7.5.5 VHAS CAMOUFLAGE CONCLUSIONS - =&89= All viewing aspect camouflage could be
provided for starlight conditions by using very small (grain-of-wheat size) light
bulbs., However, under realistie conditjons it 1s probable that a ground observer
may mot know when and where to look for the airecraft, and therefore the probability
of detection would be so low that the added complexity of a suparate VRS system for
stavlight would not be warranted,

MCDONNELL AIRCRAFT COMPANY e py—
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midde RS camouflage for forward aspect viewing under conditions ranging from
moonlight to daylight ie considered desirable and practical. This ds dome by a
single VRS camouflage installation, but each light ghould probably have a swall
Filament for moonlight and anothex larger filament for daylight.

w4 gensor similar to a photographic light meter would be used to measure
the background sky brightness aft of the alreraft, This would provide the input to
regulate the VRS light intenalty to mateh the sky brlghtucss,

=t$¥= In order to maintain low radar cross section, each light should be
mounted in a cavity which 1s covered by a glass having a transparent metallic ceating
to maintailn exterior surface comtour and electrical coenductivity.

—&8— When using VRS camouflage the aireraft should be flown at as low an
altitude as possible in level flight, or else it should be flown in a shallow dive
stralght at the target. The objective with either approach is to minimize the
variation iu elevation angle between the ground observer and the aircraft, and
consequently the variation in backpground eky brightness, as a functiom of range.

=e@3= The total amount of light emitted by the aireraft is governed by the
background sky brightness and is essentially independent of the minimum range at
which the alreraft is to be campuflaged. Individual light spacing, illustrated by
Figure 7-21, determines the number of lights required and is governed by daylight
conditions for the specified camouflage range. For the 7500 ft. daylight range
specified herein the camouflage range in dimmer light, such as overcast or twilight
oY moonlight, would be considerably less than 7500 ft. with the samec VRS svstem.
Ideally, the largest practical number of smaller individual lights at closer spacing
should be used to minimize vigual detection range. This would enhance survivability
and would not require any additional electrical power for the same viewing asspect
angle coverage.
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8. B-l4 MICRON TKFRARED SIGNATURE
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mfiim Continuing advances in infraved (IR) technology and recent demonstrations
have made it probable that forward looking infrared (FLIR) systems, which operate
in the B-14 micron spectral band, will find incremsing use by ground forces for
the detection and identification of airborne aircraft, especially at night. These
FLIR systems have been used for many years on aircraft in an air-to-ground mode
for ground mapping and to locate potentlal targets, but thelr use in the ground-to-
eir mode disocugeed herein has just atartaed to receiva attention by the U,8, Arnmy,
and presumably by the Soviets. The Army's demonstrated superlority of FLIR over the
human eye highlights the need for an analytical technique to prediet the capabilities
of a FLIR system to detect an aircraft under the variety of conditions which affect
detection range and probability, and then to evaluate what can be accomplished iIn
reducing the aircraft's IR signature. Swuch a prediction technique hae been developed
under separate funding and used here for amalyses of the quiet attack aircraft.

fotran

{U) The ground ohserver's probability of detecting an aireraft on his FLIR
display, and the detection range, depends on the contrast between the ajircraft image
and the sky backpground, and the amount of time the alrcraft is in view. The con-
trast depeunds on the aircraft image seen on the FLIR display being large enough and
with enough resclution to be recoguizable (spatial signature), and om the alreraft
image being sufficiently lighter or darker tham the sky background to make it stand
out (spectral signature difference, or differential radiance, betweem the aircraft
and background sky in the FLIR spectral bandwidth). Atmospheric conditions, such
as time of day, cloud cover, humidity, and temperature can cause wide variations in
sky background radiance. The aircraft spectral gignature is a function of its tem-
perature, its projected area as seen by the FLIR, and the emissivity of its
exterior surfaces,

mwgi@spew [, the development of the ground-to-alr prediction technique the first
step was to collect and consolidate the available 8-14 micron measured data om IR
signature characteristics of other aircraft and sky backgrounds, and the distances
at which the aircraft were detected and identified by the specific FLIR system used.
This measured data was then compared with theory from which the mathematical model
for the prediction technigue was devaloped, The data used was provided by the Army's
Frankford Arsenal, the Army Night Vision Laborateries at Fort Belvolr, and the Army
Missile Command at Redstone Arsenal. All this data is based on the alyvcraft flying
i towards the ground based FLIR, which means the FLIR was detecting IR radiation of
e the aircraft's exterior surfaces at temperatures resulting from aevodynamic heating,

=~y The prediction technigue has been used im this study te determine an emis~
sivity value for exterior surfaces which will minimize FLIR detection of the quiet
attack aircraft by minimizing its contrast with the background for a fixed set of
conditions, However, as conditions such as speed or atmospheric conditioms change,
some other value for emissivity would be expected to be optimum. Since emissivity
is fixed by the type of paint or surface coating used on the aircraft, it is obviously
impractical to change emissivity in flight. The most practical solution appears to
be the use of different emissivities on different exterior portioms of the aircraft
to make the FLIR image unrecognizable as an aircraft. Further work needs to be done
in this direction, and to compare predictions with measured detection probability
and range and to further refine the prediction technigue.
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§.1 IR SIGNATURE MEASUREMENT DATA

(U} A search for measured 8-14 micron IR gignature characteristics of tactical
aircraft has yielded data on the F-105 and F~8 aircraft. This data (References 25
and 26)was measured by the Army's Night Vision Laboratory (NVL) within two minutes
after each aireraft lLanded. The F~105 was tethered at 90% military power, and the
F~8 wag at idle power.

(U) The inatrument used in these measurements wWas a Texas Instrument Thermo-
scope with the following characteristics:

single scanning detector

0.75 to 1.0 milliradian instantaneous fleld of view
525 lines scanned in 4.3 seconds

0.1°C sensitivity

film type ~ TXP523

cutput image - 4x5 inches

[« I TR - » I e B =

—fgd=—=The signatures were comstructed into a pletorial format showing the
equivalent black body temperature of the varlous aircraft surface seguents. A
vety significant point was made regarding the F-105 IR signature. At the 207
military power condition, the exhaust plume was a significant radiation source.
The F-8 signature at the idle power condition showed negligible radiation
attributable to the exhaust plume. The measured data is summarized in Figure 8-1,
where J is the IR signature in watts/steradian.

mmfgdmm Specific IR signature data head-on at 300 knots for the F-4 and A-4 airerafr,
using the HAC (Hughes Aircraft Company) FLIR, were reported in Reference (27). These
data have been reproduced in Figure 8-2. Differentilal radiance is the arithmetical
difference in watts/steradian between the radiation from the aircraft and the radi-
ation from the atmosphere. The data have been converted into equivalent black body
temperatures to be consistent with the previous signature measurements, Figure &-1.
The increasing equivalent black body temperature with decreasing slant range 1s due
to the aircraft f£illing the FLIR instantanecus field of view at 3 km, and to the
atmospheric transmittance which increases with decreasing range.

8.2 MEASURED FLIR DETECTION CAPABILITY

(C) The Night Vision Laboratories have conducted tests in which FLIR systems
were used to detect alrbarme aircraft {Reference 27). The primary goal was to obtain
detection and identification ranges for various aircraft such as the A-3, A-4, A-6,
A-7, F—4, F-5 and T-2, Three FLIR svatems were used in these tests: a Hughes
advanced FLIR design operating in the 8-11.5 micren band, a Hughes PINE FLIR oper-
ating in the 8-11.5 micron band, and a Night Obgervation Device-Leng Range Thermal
system (NODLRT) operating in the 3-5 micron band. In these tests each aircraft
approached the sensors at an altitude of 9500 ft. At a slant range of 60,000 ft.,
the aircraft began a descending trajectory tcward the test site at a nominal speed
of 300 kes, and levelgd off at an altitude of 1500 ft.

(U) A summary of the resulting head-on mean detection and ideatification ranges
are provided in Figure 8-3. It should be pointed out that this data 1s dependent
on the pravailing atmospheric conditions and the particular FLIR system, and care
must be used in extrapolating these results to other systems.
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=&=-FIGURE 8-2
ARCRAFT DIFEERENTIAL RADIANCE LEVELS - HAC FLIR
a) ¥4, Ambient Alr @ 21°C, 300 kts

Ranpe pifferential Elevation | Equivalent
(k) Radiance Angle Black Body
(w/em?) Temperature

o

6.4 0.338 x 1072 4,1° 34

4.0 0,406 x 1072 6.6° 35

2.9 0.673 x 1077 9.1° 45

b} A~4, Ambient Air € 21°C, 300 Kes
Range Di.fferential § Elevation | Equivalent
(km} Radiance Angle Black Body
(w/ cm?) Temperature
-]
¥
4.8 | 0.306 x 1072 5.5° 30
3.0 | 0.446 x 1072 | 8,8° 33
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=eid= The Army's Missile Command c..ducted field tests, Reference (28), to
measure the capability of the unaided eye and a FLIR irn searching, acquiring, and
tracking airborne aircraft, The sensor used in these tests was the Hughes PINE FLIR.

g ) total of sixty-five valid passes were flown abt about 400 knota at
3000 and 6000 ft altitudes, at 0-3 Em crose traci ranges and at various metaeor-
ological conditions. Figure 8-4 illuatrates the probability of detecting an F~100
aireraft by FLIR, under nighttime conditione, for the 63 passes. These teut
data fllustrate the following:

o Using a PINE FLIR system, the ground observer has a 50% probability of
detecting the airborune F~100 aircraft at 9° above the horizen (vielding
an average 7.9 Km slant range) and a maximem probabllity of Jerection
of 83% (in other words, only 1l of the 65 valld fliphte wery '.ndetected).

In comparison, the unaided ground observer did not detect 57 of the 63 wv.lid flights,
yielding a 12X probability of detection and showing the improvement afforded by

the PINC FLIR system, These probability of detection values are conditioned upon
the fact that the ground observer kmows where to look for the aircraft.

méyw The data used to formulate Figure 8-4 were further segmented to con-
struct the curves shown in Figures 8-5 and 8-6 for a 3000 ft and 6000 ft aircraft
altitude, respectively. Comparison of the probability of detection vs elevation
angle for Figures 8=5 and 8-6 shows that at low elevation adgles of less than 10°
there is a higher probability of detection for the lower altitude of 3000 ft
in Figure 8-5., This might imply that it is easier to detect an airborne F-100
alreraft near the horizon at a 3000 ft altitude than at a 6000 £t altitude. This
is misleading, because the real reason for this higher probability is that for the
same elevation angle the aircraft at lower altitude is closer to the FLIR, The
important thing is how far away the aircraft can be detected, and comparison shows
the a.reraft at higher altitude is more vulnerable to detection by FLIR. Jor the
same JJ% probability of detection, the slant range of 10,2 kilometers is longer
at 6000 ft altitude than the 7,1 kilometers at 3000 ft, Similarly, at the same
slant range of say 10 kilemeters, the probabllity of detection is higher at 54%
for the 6000 fc altitude than the 8% probability at 3000 ft altitude. Therefore,

one way co minimize detection by a ground-based FLIR is to fly as close to the
ground as possible.’ '

=£gg= Hughes Aircraft Company has reported on thelr tests at Fort Bliss
and San Clemente Island, Reference (29), in the detection of low flying a rcraft
with the PINE FLIR system, The Fort Bliss data 18 & duplicetion of the MICOM
repnrted data in Refererce (28), while the San Clemente Island tests empioyed A-4
and F-4 aircraft in the PINE FLIR shakedown tests prior to the Fort Bliss tests,
These 5an Clemente Island data (Figure 8-7) are congistent with the Fort Bliss
tests in that the lower altitude aircraft Is detected neare the horizon, and
the louger detection ranges are achieved for the higher altitudes.
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(U) Frankford Arsensl conducted tests measuring the potential of a ground based
FLIR system to detect low flying aircraft. The tests, Referance (30}, congisted of
detecting &~4, P-4 and A-6 aireraft, flying at an altitude of 500 to 1000 feet, with
an 8 to 14 micron spectral band FLIR system, Oue point observed in these tests was
that a detected aircraft could be lost on the FLIR display if it flew from & clear
sky inte a cloud background. This implies that the probability of detecting an
airborne aircraft by FLIR is diminished with a cloud cover,

8,3 [FLIR DETECTTON CAPABILITY ANALYGIE

(U) The data avallable on detection of aircraft in the 8-14 micron band
led to the decision to construct an analytical model of a typdcal FLIR, the AAS-28A,
and to use this to assess the detectability of the QAA. The analysis of the
atmospherve effects, the FLIR wmodel, and the QAA signacure are discussed in this
section, as well as the detection results.

8.3.1 {(U) AIMOSPMERIC RADIANCE - Atmospheric radiance is the radiant energy that
would be received by the FLIR gystem when no target is present. It cam consist of
atmospheric constituent emlssions, reflected terrain emissions, and diffused
sunlight. A computer simulation, used to calculate the atmospheric radiance levyels,
requires knowledge of the atmospheric conditions. These aret

ground level temperatures
temperature gradlent
grounc level pressure
pressure gradient

carbon divxide content
water vapor content

o D0DOoOOGCOO

The carbon dioxide content and water vapor content are needed because they are the
primary sources of atmospheric emissions within the 8 to 14 micron spectral band.
Theee data and measured atmospheric radiance data can be combined to prediet the
atmospheric radiance levels.

{U) Time of day is another needed paramster but it can be segmented into
"Night," "Day" and "Twilight." Thus, the atmospheric radiance levels can be
classified in the same fashion to obtain the notation

o Nightrlme Radiance
o Twilight Radiance
¢ Daytime Radiance

~
Nightime radiance is most important because of it having the lowest wvalue.

{U) Nighttime Radiance - The data selected to represent the nighttime
atmospheric radiance was measured by Bell, et. al., Reference (31), at Cocoa Beach,
Florida. These measurements for the 27°C humid atmosphere have been reproduced in
Figure 8-8, 1Using these data and the 27°C blackbody spectral radiance data,

Figure 8-9, the spectral emisgivity of the atmosphere can be computed and is shown
in Figure B-10, The difficulty experienced here is the term "humid atmosphere"
which can only be interpreted as an atmosphere having a relative humidity between
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{U} FIGURE B8
279C HUMID, NIGHTTIME CLEAR ATMOSPHERE RADIANCE
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{U) FIGURE 89
: BLACKBODY RADIANCE
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807 and 100%. Nevertheless, these data have been encoded for use with the ground
to alr FLIR model. Additional atmospheric radiance dats would be beneficial and
will be added to the ground to alr FLIR model when available. .

PR TN PO TP M PP 1.

(U) Twiliphr Radiasnce ~ The spectral radignt intensities under the twilight
conditlon is & sum of atmospherdc emissions, reflected terrain and diffused sun-
light. The amount attributed to diffused sunlight is related to the relative
orientation of the FLIR sgystem with respect to the sun. Twillight radiation was K
not considered in this study due to its complexicty. '

(U) Dgytime Radiance - Diffused sunlight is the predominant source duxing . o
the day. Itz relative importance iz gtill dependent upon the relative orientatlon
of the FLIR system with respect to the sun and the sun's position relative to its
zenith. Daytime radiation was not comsidered in thie study due to its complexity.

PO PR R A PR LR Y

(U) Clouds - The effect clouds have on the atmompheric radiance is to Increase
the radiance levels shove the clear sky values, Reference (31). The varisty of
cloud conditions that can occur makes this an extremely difficult problem to
aimulate. In fact, the most likely simulation procedure is to determine the FLIR _
gystem performance for a specific cloud cover. Bell, et. al. data measurements [or .l
nighttime cumulus and clrrus cloud cover conditions are shown in Figure §-11, These
data are readily converted to atmospheric emissivity, Figure 8-12, with the note
that these data are based upon a humid atmosphere.
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A ~ Cumulus Cloud Cover
B - Cirrus Gloud Cover
¢ - Clear Atmosphere
Elevation Angle 1h.5

{U) FIGURE 8-11 !
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8.3,2 (U} CGROUND I0 AIR FLIR MODEL -~ The objective of this seection is to review
the relationships employed to degcribe the operational perfermance of the forward
locklng infrared system in a ground to a#ir mode., These include the transfer of
ecene data through the atmosphere, the transfer of the atmospheric modified scene
data through the FLIR system and the final displayed scene on the cbserver's display.

{U} FLIR System Modulation Trapnafer Functions {MT¥) - Figure 8-13 illustrates
the basic FLIR system bullding blocks. FEach can be described, using wodulation
transfer theory, in solving for the tyanesfer of the atmospheric modifled scene.

{1} FIGURE 8-13
FLIR SYSTEM BUILDING BLOCKS

Optics Datsctor Video
Amplifier

Scan Display
Converter

{a) (U) Diffraction Limited, Circular Opties MTIF - This MIF is
1/2

2 - -1 2
Ta(n) == [cos () - w(1-2%) ]; N<g=<l (1)
where
2 = 1000 “—3 )
with R = spatial frequency in cycles/milliradian
A = wavelength in millimeters
d = lens diameter in millimeters
DECLASSIFIED RICDOMNELL AMYCHAFT COMPANY UNCLASSIFIED
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(U) This MIF is symmetrTic and as such the spatlal frequency R can be written
in terms of the orthogonal aspatial frequencies

R = \.‘(RB)2 + (R )2 (3)

B

Where

Rs w gpatisl frequency vector in the gcan direction
R’ = spatial frequency vector in the nonscanning direction

g
and the inner product :

R R__=0 (4)
8

(b) {(U) pPetegtor Aperture MIF - The detector aperture 1s a combination of the :
optics aperture and the detector shape. Here the detector shape is considered as :
the limiting factor and is assumed to be rectangular. With this

sin (TWERS) sin (HYFRE)_. ()

‘rb(ns ,R;} = G ) {“Y;R'g)

where

y. = detector field cf wview in the scan direction and measured in
milliradians

Y_ = detector fileld of view in the nonscanning direction and measured
s in nilliradians

{(¢) (U) Detector Electrical MIF - The electricazl response of the detector,
to time warylng levels of input radiation, affects only the transfgr of scene data
along the scan direction. This electrical transfer function can have the form

ED = {1+ (2an£)2 ~1/2 (6)

where

f = temperal frequency in Hz
Td = detector time constant in seconds

MCOONANELL AINCRAFT COMPANY UNCLASSIFIED
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This is converted to a MIF by consldering that

4
R, == (N
with
w = seanning rate in milldiradilan/second
yielding
21742 '
T (R LR =1+ (2T WR ) (R (8)
R ey d s 3

The impulse function is needed to illustrate that the only spatial frequency trans-
ferred by a singie detegtor in the nonscauniug direction is L= 0, since
5

I; R =0
§(R) = s (9}
5 0} otherwise

There 1s a phase shift associated with each detector scan line and this can be seen
in Agpendix B,

{d) () Video Eleatrical MIF -~ The amplifying circuit associated with each
detector is considered to be a shunt peaking amplifier, This amplifier's transfer
function, with a damping coeffieient Q, is

1+ g e/ )" 1/2

e | B (f) = B {10}

d 2 2(? 2

fo-tare )+

A £, = vide. amplifier 3dB ban i iz,

i

B Using the conversicn in Eq. (7), the MIF i

_ , \\-n /2

1+ q"
. . S0 (11)
-3 Td(RB’R;> R K R w 5
4 . l -

() () Scan Converter MTV - The scan converter is needad in thoe FLIR system
in vrder to convert the multiple scanning detectoe utputs into a format suitable
to the display scanning format. At the present, 1-t

: . T (R, ) = am
- B
| RMCDONNELL AXVCRAFY COMPANY UNCLASSIFIED
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(f) (V) Display MIF - This MIF is represented as

T, (B3R = 6, (R IG,(R) (13)
8 8
1
1-2yR 3 0<R < 5
= ) §
g8 8 5] ';
6 (R) = {14)
s
G } otherwiea
1
1 1 0 <R < g
g zYs
= _ . L
Gz(RS) = 2{1 YsRs)' %, <R 2y (15)
0 s otherwlee

(z) (U} FLLK System MIT -~ The FLIR sysvem MIF is the product of the building
block MIFfs,

'I‘S(RE,R_‘) =T (RS.R___) s ¢ v {a,b,c,d,e,fl} (16)
s agd g

8.3,3 EARTH RELATED FUNCIIONS

{(a) (1) Spherical Barth - The terraln scenario will affect the QAA's proba—
bility of beilng detected duving its penetration run in. The infinite variety of
possible scenarivs wmust necessarily be limfted. Herein only a spherical earth ig
considered, as shown in Figurv 8-14 with the slent range to the aircraft:

g = \/(R(,th)z-nea(:oszls -R_Sinf an

whare

h
R

a

B

aircraft altitude in feet
earth's radius in feet = 20,902,957

LTS

'8 -#..,;ﬂ-ﬂz?;.iu.;:;:_.:_‘,q"'

elevation angle measured from the horizon

(U) The elevation aspect at which the ground observer swees the airvralt ls
computed from

o T e S iid (18)
e R +h
E: . e]
] .
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{U} FIGURE 814
SPHERICAL EARTH PARAMETERS

Velocity
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At each elevation aspect the aircraft presents a distinctlive view to the ground
observar, which will affect his ability to deteut the QAA In the ¥LIR display
image. Appendix € contalns the projected QAA views at selected alevation aspect
anglesy zach view 1s drawn with the QAA Flying diveectly toward or sbove the ground
obsetver,

{b) () Altitude Gorrection of Atmosphexric Transmission - A segmentation of
the atmosphere into 500 foot layers is employad here to correct for temperature,
pressure and gas density varistions. The corraction factor for the carbon dioxilde
and water vapor transmission are normally given for the standerd atmosphaze and 3
horizantal slant path, Reference (32), as shown in Figure 8«15. These data can be
penerated using

ty o(h)= exp{=1,99612x107%h} ; 0<h<2500 fu (19)
2

Gy ()% expl-5.99014xl07 >0} 5 0he2500 £t (20)
2

for the standard atmospheve. The variation of the water vapor density with altitude
uses the standard atmosphere temperalure gradient - S . g

o= ~0,0019812 OC/ft; 0h<2500 £t (21)
and considers uniformly mixed gasee (constant relative humidity for all altitudes).
Water wapor density at a given temperature, Figure 8-16, can be converted to
precipitable millimeters of water vapor pet foot {(prmm) using

F= . 3048x107 % (T)x (22)

vhere

T1 = atmospheric temperature at altitude h
r = relative humidity

The equivalent horizontal sea level path length for a horizontal path at altitude
h is

5 (V)]

0 (h)S (h) (23.a)

Ll 1
1'!20

5002(0) = acoz(h)s(h) (23.b)

The equivalent precipitable millimetevs of water vapor for the horizontal path is

F = Il o, . (h)SG) (24)

t 20
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{U} FIGURE 816

ALTITUDE CORRECTION FACTORS FOR HEDUCTION
TO EQUIVALENT SEALEYEL PATH

Altitude Alt-ii:u:‘w. Correction Factoer
h
(FT) 2,0 #gp, ()
Water Vapor Carbon Dioxide
0 Lo 1.
1000 L9981 941
2000 L9561 “888
3000 #9342 .B36
4000 .623 " 786
6000 « 286 598
7000 369 - "§58
B00O JB52 "619
2000 L835 ‘582
10000 819 “549

(U} FIGURE 8-16

SATURATION VAPOR DENSITY OF WATER vs TEMPERATURE

e e e e 110

T ~ Temperature Pg (I} =~ density
(°c) (gm/n3d)
-10 2.36
0 4,85
10 9.40
20 17.3
30 30.4
40 51.2
T
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Now using the layered atmosphere concept, the equivalent values for a slant path

are
N “~
prim =n§0 i‘n uﬂzﬂ,n Sn (25.a)
N -
Co,path length =n§ uCDZ,n Sn {25.b}

Where

4 = atmosphere layer height (500 ft)
n = the nit layer; na<h <(nt+l)d, n = {0,1,2,...,H}

] = mean value of a,.. (h) for the nth layer
COz,n 802

S = slant path through the nEE layer
I' = mesn value of TI'(h) for the nE-}1 layer

th
“uzo,n mean value of quO(h) for the m— layer

8.3.4 AIRCRAFT RELATED FUNCTIONS

(a) (U) Adlrcraft Motion MIF - The combination of aircraft motien, FLIR
scanning rate and FLIR imapge transfer yields a problem which remains to be expressed
in analytical form. A general approximation can be made by

T(R,R) = Sin(vR,B.) Sin(mi B )

(nRs Bs) (tR 8 )
£ 8

(26)

Where

BB = aireraft angular motion in milliradians per At seconds
8

At = 0,2 seconds, the integration time of the eye,
Reference (33)

The aircraft motion induced flicker, induced into the displayed . iage, will affect
the observer's cummulative probability of detecting the aireraft.

f
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(b} (U) Aerodynamic Heating ~ The approximation to be employed in computing
the aircraft skin surface temperature vise, Reference (34), is

3
fl

2
+ - 27
s =T, @ nzlmc) 27

Where

3
'3

aircraft amblent air temperature, oK

alrcraft mach number

=
[

= 1.4 for alr

=)
|

This i3 only an estimate} nevertheless, the data in Figure §-1 and Figure §-2 appear
to be consistent with this expression,

8,3,5 (U) QAA SIGNATURES ~ The utilizatlon of a ground based FLIR system for the
datection of airboyne aireraft necessarily required that both the spectral and
spatial signatures of the QAA by evaluated., The spectral sipuature invelves tem-
perature and emissivity of the ajreraft, while the sgpatial signature is concerned
with the projected view of the aircraft seen by the FLIR.

{U) 8 to 14 Micron Spectral Band Signature ~ The QAA design is such that it
can be segmented into thyee radiating elements. These are the alrcraft outer sur-
face {aerodynamic heating), engine exhaust cavity and engine exhaust plume.

(U} The temperature of the aireraft outer surface can be limited to aervo-
dynamic heating with the provision that the heat transfer from the internmal heat
sources 1s negligible, The surface can be treated as a graybody Lambertian radiator
at the temperature level givem by Eq. (27). At the 2500 £t altitude and velocity
of 110 kts used in this analysis, the G A surface should be approximately 1.7°C
above an amblent ailr temperature of 220C.

{U) The engine exhaust cavity can be considered as a blackbody cavity at the
exhaust gas temperature, when looking directly into the exhaust duct. Its radiance
at this center line aspect would be:

A
2C
=1 32 oy - 1}t
NO(AI,RZ) == / 15 lexp (CZMI) 1] dA 28)
. .

Where 4 -2
37400, watts micron cm ~

14380, micron oK

exhaust gas temperature at the exit (OK)
wavelength (microns)

L]
=~
0 B

: MCDONMEEE ANCRAFT COMBANY UNCLASSIFIED
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Specifying a fixed cavity area, in this case the exhaust duct cross section area,

the QAA exhaust cavity radiance can be normalized to the center line aspect. Employ-
ing the angle notation illustrated in Figure 8~17, this normalized exhaust cavity
radionce for a given elevation angle 8 and azimuth angle y from exhaust center line

ig}
(ﬁo(llglz){tan(39°)—tan(e*90°)}cos(e~90°)cosy; 900<9<129, |v|<90° :
NO(Rl,Az){coaﬁec0547+tan(39°)sinecosy] 3 Opr:?Oo,[YleOO (29) }
R 4 .
NO(Al,AZ}{l—tan(39°)tauﬁ}cos fcoa? ; ~519<6<0, |v]|<90
A 3 otherwise :

{U) Tha evhaust plume conditions during the QAA penatration rim in should be
approximately at the same level as the T8 at idle power., Thus the QAA's plume ;
radiation in the 8 to 14 micron wpectral band is negligible. -

(U) Spatial S$ignature - The QAA's spatial signature is its visible prejected
image, Appendix C, Furthermore the most important consideration is the spatial

,% signature on the display, since the observer will use this to detect the airborne
% aireraft. Appendix B contains the information relating the transfer of the QAA
;g visible projection through the FLIR system and the resultant image on the display.
-4 (U) FIGURE 8-17
o QAA NOZZLE ASPECY ANGLE

side view of QAA wigine exhaust nozzle
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8.4 SIMULATION USING AN AAS-~28A FLIR

(U) A complete list of the data, needed to analyze the capabllity a ground
based FLIR system would have against the QAA, is shown in Figure 8-18, Each
parameter can be readily decoded by refarring to Appendix D. These data are
vomprised of ailrcraft pavametera, atmosphere parameters and FLIR system parameters,
It must be noted that the atmospheric radience is limited to the nighttime clear
atmosphere radiation level.

. . . o et
e A s ST B
Rt e bt ac et Rl sl hos

N

(U} An infipite number of simulations are possible in describing the per-
formance a ground based AAS-28A FLIR system would have in the detection of an
airboyne QAA. Thus the simulation must necessarily be restricted to the most
logical flight path. Here the QAA is flying a penetration run in at 2500 £t and
110 knots, and the fiight path 1s such that the QAA would fly directly over the
i ground based AAS-2BA FLIR system. The visible area projections for this flight
K path would he as shown in Appendix €, end the exhaust cavity would not be visible
k1 so there would be no IR radiation detectable from it,

A Trsache
P

iy
hkpsy;

. - B.4.1 {U) OUTPUT - Bach MTIF described in Section 8.3.2 is available as an output}
5 however, each is computed only for ite values along the coordinate axes {il.e.,
Th(Rg,0) and Tp(0,R3)). The characteristics of each MIF can be readily observed

in Figure §-19, in which all of the AAS~28A system MIT's have been plotted. There
exists one conclusion that can be made from these plots, which is that the limiting
MTF in the system's performance is the number of detector scan lines.

(U) Figure 8-20 is a plot of the equivalent sea level values of precipitable
millimeters of water vapor and carbon dioxide path length as a function of aircraft
altitude, up to the input altitude {parameter AN in Figure 8-18). In this figure,
the outpul data are plotted for elevation angles of 0° (the horizon) and $0° (the
zenith) to specifically show the variation, These datz were computed based upon
the standard atmosphere characteristics illustrated in Figure 8-21, which shows the
altitude correction facters and altitude dependent atmospheric temperature.

B ey

o

(U} The spherical earth affect is primarily seen at elevation angles less
than 3.6° from the horizon. At this elevation angle the atmospheric transmission
is approximately zero for the selected atmospheric conditions of §0Z relative
humidity (RH) and 27°C sea level temperature (SLT), Elevation aspect angle dif-
ferences do exist, as shown in Figure 8-22; however, combining the tabulated eleva-
tion aspect data with Appendix C, finds that the difference in the projected visible
QaA surface area are quite negligible for the simulation flipght path.

8.,4.2 (U) FLIR PERFORMANCE - Tiie spectral passband of the AAS-284 FL1R system

was limited to the § to L4 micron spectral band with unity spectral response at all
wavelengths within the spectral band. As such, the hest possible performance vbhtain-
able with the AAS5~284 is shown in Figure 8-23. The 0,7 emissivity {s a represen-
tative value for most aircraft, These data are under the stipulation that the
detector instantaneous field of view is filled by the aireraft, otherwise the condi-
tion where the field of view contains some background would yield lesser values. A
direct relationship does exist between the differential received power (DPR), which
iz the difference In hrightness between the aircraft and the sky, and the percentage
of the instantaneous field of view filled by the aircraft. The obvious guestion
needing an answer is the elevation angle at which the aireraft first just fills the
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AAS-28A FLIR GROUND-TO-AIR PERFORMANCE ANALYSIS DATA
Pargmeter Value Unita
AR 2500, Feet
AV 110. Knots
AT 23,7 Degrees G
AE 0.7 Unitless
SLT 27. Degrees C
RH 80. Percent
Vis 10. Nautical Miles
ZF 1. Unitless
CoT 1, Unitiess
COAD T Inches
WLC 0.0008 Cantimeters
Wuc 0.0014 Centimeters
DS 400, Unitless
DSTAR 0.270E 09 CM*SQRT (Hz)/Vatt
DTC 0.100E~-04 Seconds
SMRS 60, Scans/Second
SIR 1. Unitless
FOVELI 0.00048 Radians
FOVAZI 0.00048 Radians
FOVEL 11. Degrees
_ FOVAZ 14,4 Degrees
i BW Q,400E Q5 Hz
B Q 0.5 Unitless
) VNE 1,14 Unitless
ADET 0, L34E~04 cm2
A ovD 20. Inches
it oy 9. Inches
! DH 7.5 Inches
|
1 MEDONNELL AINCRAFT COMPANY R
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{U) FIGURE 8-21
: SIMULATION ATMOSPHERE DATA
: 2500
ot~ CH2 ()
5N 2000
B \ cco2
. !3; t
bl @ vetans DEN S
- 3
i a 1500
A e ATEMP
.<
¢ T 8
}f:: e 1000
ke -
p>
}%: 500
. 0
3 0 0.2 0.4 0.6 0.8 1.0
% CH20 AND CCO2
L i - i L 3 1
0 0.002 0,004 0,006 0,008 0,010
DENS ~ MM/FT
|
L. L i 'y A 1
20 40 60 80 100
ATEMP - °C
CH20 ~ Correction Factor for Water Vapor
CCO2 - Correction Factor for Carben Dioxide
DENS - Saturated Air Precipitable Millimeters of Water per Foot
ATEMP - Atmosphere Temperature
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{U) FIGURE 822 ?
SIMULATION ASPECT AND SLANT PATH DATA
Equivalent Sea
B g+ A s Level Values
Elevation Alrveraft Elevation Slant Rangas Precipltable Carbor Dioxide ’
Angla Aopoct Angle {fe) Millivetars Path Length
of Water (Km) {
0.00° 0.89" 323143, 1816.8 93,54 i
1.80° 2,01° 715405, 405,0 21,38 M
3.60° 3.71° i 39249, 210.3 11.11 i
7.20° 7.25° 19925, 106,8 5,64
14,50° 14.53° 9969, 53,4 2.82 3
30.00° 30.01° 5024, 26,9 1.42 ;
45,00° 45,01° 3529, i8.9 1.00
60.00° 60,01° 2896, 15,5 0.82
90,00° 90,00° ‘ 2500, " 13,4 SO0 SR SR
&
P
E:
3
.
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| =eeFIGURE 8-23
AAS-28A FLIR SYSTEM BEST POSSIBLE PERFORMANCE
WITH A 0.7 AIRCRAFT SURFACE EMISSIVITY

G0 ~
A Y
\
» ] \
g \
B+ |
& !
I 60 /"’
& /e ST
~ P
g o+~ ,/
o DPR -~
L
3 T \ - i
53 ,’ i
£ et i e REFE
2 30 /..-'" 7
o} /;{"""’ //
T a"J : _.,--—H'"'-"_
\\ ot
Ty T
IR Wy
¥ —t 1 [ L F 1 y
«0,2 0 L2 0.4 0.6 0.8 1.0 x 1077
DPR~Watts
1 =S L L Nl 3
0 5 10 15 20 25
STN
L 1 A A "]
0 100 300 400 500

REFE - number of lines

' DPR =~ Differential Received Power
4 SIN -~ Signal to Neise ratio
REFE - Regolvable Number of Lines In Elevation
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instantaneous field of view. This occurs when the peak signal to noise ratio
increases to the same value as the maximum signal to noisa ratic. A combinatiou
of the data in Figure 8-18, Figure $-22 and Appendix C finds that this occurs when
the elevation angle 8 is between 7.2° and 14,5°, as shown in Figure 8-24.

{(a) () Spectral Signarure - A differeatial received power inversion iz shown
to exist for this simulacion (Figure 8-23) at approximately B = 16°. The position
and existence of this inversion iz dependent upon the atmosphere conditcions, aero-
dynamic heating and surface emigsivity., Its effect would be to incresse the diffi-
fulty the observer would have in detecting the QAA during its penetration run in.
¥lgure B-25 1s a plot of the apectral differentlal veceived power distribution fory
the 0.7 aizeraft surface emissivity, which con be integraved over the spectral
band to provide DPR. This figure definitely illustrates two points concerning the
detaction of the airborne QAA, one relating to an optimum FLIR system spectral
passband and the other to an optimum aircraft surface emissivity. The optimum FLIR
system spectral passband, depicted by Figure §-25, is approximately 8.5 to 11.5
micron, A FLIR system, such as the PINE FLIR, having this spectral passband would
achieve a maximum utilization of the spectral differertial received power, since it
would have nearly the same sign over the spectral passband, This optimality, in
addition to the atmospheric conditions, would explain the ability of the PINE FLIR
to detect the airborne aircraft near the horizon in the Field tests. Figures 8-16,
8-27 and 828 are included here to show the specific effect the aircraft surface
emissivity has on the spectrel differential received power, These data are for a
27°C, BOZ relative humidity atmosphere; however, they are consistent in depictiung
the 8.5 to 11.5 micron spectral passband as being the optimum, A less humid atmo—
gsphere would yield different spectral differential received power values, but this
dif ference would be a spectrally dependent positive shift in the zero axis with
the predominant value existing in the 8.3 to 11,5 micron spectral band.

=£@3= The data in Figute §-24 and Figure 8-25 do present the implication that
an optimum aireraft surface emissivity exists. Its existence would be to minimize
the differential received power and in turn the signal to nolse ratio, With this,
Figure 8-29 contains data for several ailrvcraft surface emissivity values. These
data can be utilized to study the emissivity values which would minimize the QAA's
probability of detection. Rosell and Willson, Reference (35), have formulated a
relationghip between the video signal to noise ratio and the target lmage size on
the display in arriving at a parameter ldentified as display signal to noise ratio,
This relatlionship for stationary target images is:

Af a

. 142
(/%) EE2h T (sm)

{30

display video

and can be employed here in determining the optimum emissivity. Where

(S/N)display = display signal to noise ratio

Af = video bandwidth
‘ﬁu a = Ltarget area on che display
_l t = eve integration time
i A w digplay area
(5/N) = video signal - noise ratio
MCDONNE AINCRAFEY COMPANY s
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—erFIGURE 8-25
AAS-28A SIMULATION OF SPECTRAL DIFFERENTIAL REGEIVED POWER,

0.7 AIRCRAFT SURFACE EMISSIVITY

/\"’an 60°
2 JARN .

8x90°
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=G IGURE 8-26
AAS-28A SIMULATION OF SPECTRAL DIFFERENTIAL RECEIVED POWER,
7.2° ELEVATION ANGLE
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it {GURE 8-27
AAS-28A SIMULATION OF SPECTRAL DIFFERENTIAL RECEIVED POWER,
14.5° ELEVATION ANGLE
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~{CrFIGURE 8-28
AAS-28A SIMULATION OF SPECTRAL DIFFERENTIAL REGEIVED POWER,
30° ELEVATION ANGLE
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These parameters have the following values in the AAS-28A simulation.

af = 40000 He

R e oA Bl

S,

a = refer to Figure B-30
t = 0,2 seconds
A= (9 inches) (7.5 inches) = 67.5 in.>

Rosell and Willson found that a value of (§/N) display = 3 yields an approximate
probability of detection of 50% om the display; whereas, a {5/N) display = 4 would
correspond to a B5% probability of detection. With this, the video signal to noise
ratio can be computed that will yield the corresponding {S/N} display value. This
hag been done and the data Is shown in Figure 8-~30.

=fe¥y= For the simulated atmospheric condition and aircraft flight 2500 ft. AGL,

Figure 8-31 illustrates the effect of aircraft surface emissivity AE on the elevation
angles, and thus slant range, where 30% and 83% probability of detection oecur for
a specific elevation angle. The video signal to nolse raties from Figure 8-30 have
been converted to DPR and shown as dotted lines on Figure 8-31 for the two proba-
bilities. Negative values of DPR indicate that the aircraft radiation received by
the FLIR detector is less than the radiation received from the background sky, and
vice versa for positive DPR values. Thus, there are two sets of probability curves
because, as long as there is sufficient difference in received radiation or contrast
between the aircraft and the sky, it makes no difference which is hotter. Obviously,
when the differential recelved power TPR is zero there is zerc contrast between
the aircraft and background sky, and the probability of detection is also zero.
This condition is approached, for all AE values, at long ranges where the elevation
angle of the alrcraft above the horizon is less than 109, The optimum cmissivity
] is seen to be 0.6, which delays the 50% probability of detectilon until the aircrafe
g | has approached to an elevation angle of 28°, corresponding to a slant range cf

\ 5300 ft. A lower emissivity of 0,5 is seen to be even worse than an emissivity of

; 1.0 because 50% probability first occurs at an elevation angle of 11.59 (12,500 ft,
! slant range), after which the % probability reaches a peak at 20% to 259, then
declines to 0% at 360, and then increases again to 50% at 39%, The spectrally
dependent positive shift in the differential received power, for a less humid
atmosphere, would yield a corresponding positive shiftr in the zerv axis in
k. Figure 8-31. Suchk a positive shift would force the 0.6 emissivity curve to cross
S the 50% probability of detection at a lower elevation angle, say 8 = 20°.

(b) (U) Spatial Signature - The QAA's spatial signature, involving iLs
apparent size and shape as seen by the FLIR, must necessarily be limited to the data
given in Figure 8-24 and Appendix C. Figure 8-24 consists of the number of scan
lines across the aircraft and the peak signal to noise ratio values; whercas,
Appendix C is the projected visible surface as a function of selected clevation
aspect angles with a zero azimuth aspect. Appendix B alsoe needs to be incorperated
into the ground to air FLIR model to compute the most probable QAA image on the
display as a function of the clevation angle, because of smearing of the Appendix €
B image by the scanning mechanism. At this time, Appendix B is too complex Lo be
incorporated into the mathemacical model, and this is conservative because incorpor—
ating Appendix B would reduce the probability of detection,

MCDONNELL AIRCRAFT COMPANY ~SENFHEN -
175 0f 223

-3 DECLASSIFIED 842 Unclassified



Jjusmata euTf Ueo9 aignbs iad

UF 9TSE000" = 9 «

Unclassified

REPORT MDC A2658
VOLUME IE

TA: £69° BSLT® “005 w71 1A o06

01T AN ITiT ‘91¢ £6°1 019 =09

6%7°1 IT't L1190° . vt i8°7 0ot &Y

6% ¢ 81 9LT1E0" 6°TS [A: B a9e <0F

60" L ¥t's £9.200° 98°L 6z 081 AR A

6" LT AR % 61ZY000° 0z'1 §'16 0Tt AN

96T L9t 91S£000° 1 6ot (41131 09°F

9" 6T L4t 915€000" T 0°0TLT z6 oB8°1

5761 Lyt 9ISE000" T L°850%e 06 . <0

pt T gy | T PPy (5 sosv (3D vy

L IR L =7 | @1 n”wqwmnwwm svmpeoudly arBuy
(/s) {8/s) * woyIEAITH

{This Page is UNCLASSIFIED)

a
w
L
®
)
<
o
O
w
-0

...,.. & el .wm.mun,.‘.hs.

e

0£-8 3HNDI4 (N}

T R P AR A DR

“

NOLLO3L3Q 40 ALINEVE0Hd %58 ANV %05 DNIGI3IA S3NTVYA I5I0N O TVYNDIS

Unclassified

8-43

176 of 223

MCDONNELL AICRAFT COMPARMNY

DECLASSIFIED



oz ang

oy T e ol et h e

d

ime

Unclass

DECLASSIFIED

REPORT MDC A2658

VOLUME IT

-31

=@ iGURE 8

AIRCRAFT SURFACE EMISSIVITY AND PROBABILITY
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8.5 CONCLUSIONS

{U) The experimental work already performed shows that comventional aircraft
have adequate signal level to be detected by current 8-14 micron FLIR systems.
The sources of the signals have not been adequately defined by tests to make
clear where the alrcraft modification work neads to be concentrated.

{(U) Hodeling the airframe temperature contrasted with the background (sky)
shows that at quiet speed the aircraft can be made to have the same output level
as the background, This occurs with an achieveable surface emissivity of (.6
and typical atmospheric conditions. TFor these typical conditione, a contrast
level low enough for detection probability to be beloew 0.5 can be maintained :
down to ground ranges of lesg then 3000 fr. This ground range for detection
could place severe constraints on the defending system uaing an airplane detection

system of a FLIR type.

e

PRt g et

{U) The model is considered to be valid., Hewever, specifie additional
tests would be necessary for final validation.
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9. ACQUSTIC NOISE

() 1In Reference (1) the techniques for predicting the aerodynamic amd
propulsion nolse generated by the aircraft were discussed, along with the acoustic
detection range for an observer surrounded by different kinds of background noise
vhen the ajreraft is flying at qulet speed, At that time the aircraft, Model 226-
4564, bad two tip driven fans powered by & scaled GEL/10 gas generator, and guiet
speed was based on a nominal wing 1ift coefficient of 0.8.

(1) The current quiet attack aircraft, Model 226-458 described in Section 2,
has a General Electric TF-34 core gas generator driving two 23 inch tip driven fans
of vevised design, a higher weight, and higher 1lift coefficients. Since these
changes affect both the aerodypamic and the propulsion noise, it has been necessary
to recalculate noise and scoustic detection ramges. These new estimates of noise
and detection range arve still based on a clean alreraft carrying only internal
bombs, but noise and detection ranges have been evaluated for the complete speed
range from 1.2 VgTall to maximum speed at 2500 ft altitude. An attempt was also
made, without success, to predict the nofse spectrum generated by external stores
such as bowbs and pylens. The lack of test data allows a theoretical development
only. As was the case previously, propulsion nolse has been suppressed, by the
use of tip driven fans and duct acoustic treatment, te the point where 1t is less
dominant than aerodynamic noise in determining acoustic detection yauge under any
condition of speed or background noise.

(U} 1In this program, the prediction of source noise penerated by the aircraft
is based on empirical metbods and data correlation of sound measurements for a
large number of full scale aircraft and glider flyovers and by propulsion systenm
ground tests. Since aerodynsmic noise is dominant, minimum noise and detectiom
range occur when the aircraft flies at minimum speed (1.2 VgTaLL). At this
condition Model 226-458 produces less nolse than that previously shown in
Reference (1) for Model 226-454a,

meddm The conclusions are that a practical carvier based attack aireraft can
alsp be acceptably quiet when flown at low speed at low altitude. 1In extreme cases
when there is little or ne background noise around the ground observer the aivcraft
might be detected, but under typical conditions of background noise and observer
activity the aireraft will be inaudible.

At Bl pei

s

9.1 NOISE PREDICTION

(U) The unit of noise level in this study program is the decibel (dB)
referenced to 10-13 watts for sound power level and .0002 dynes/em? for sound
pressure level. Ocher units, such as perceived noise decibels (PN4B) and effective
perceived noise declbels (EPNdB), are generally measures of nolse annovance and
are not applicable.

E 9.1.1 AERODYNAMIC NOISE - (U) Alrcraft serodynamic noise is compesed nf four

; significant sources: discrete frequency noise which contains cavity, protrusion and
flow noise, wing vortex noise (the result of vortex shedding from the traillhp edgpe
of the airfeil), radiated boundary loyer neilse (the result of ramdom fluctuatine
pressures caused oy the turbulent boundary laver), and wake noise (the shearing
effects between wake velocity air aft of a body and the freestream).
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(U} Discrete frequency or tone noise iz very eritical since it may occur in
the higher frequency range {frequencies above 500 Hz) at which the sar is most
sensitive, and becavse it may be of high magnitudes. ¥or an alrcraft to be classed
as aerodynamicaily quiet, it is essential that no tone noise from cavities and
protrusions (antennas, wires, etc.) exist. Reference (36) points out that laminar :
flov at low angles of attack (less than 10%) also creates tones as a result of
vortlees being shed from the alrfodl trallling edge at a perlodic or near periodic ’ ;
rate. These toneg, which way extend up to 20 dB above the broadband noise level ;
aod are very difficult to predict, wmay be reduced or eliminated, without adverse .
aerodynamic effects, by attaching properly designed and located serrated strips near . '
the lower leading edge of the airfpil to create turbulent instead of laminar boundary - :
layer flow with vandom instead of pericdic vortex shedding.

o e semn i aztbend B b S e

(U A general equation was developed from measured data by Reference {37} to
predict the zerodynamic overall sound pressure level (CASPL) from all sources
excluding pure tonme componemts. Wing tralling edge vortex shedding and the associ~
ated fluctuating 1ift are thought to be the primary nolse sources, according to
Reference (38). This prediction method in Reference (37) generally agrees within
#5 d8 with othar measured data in References (38} and (39) for clean aircraft )
having no external stores or protrusions. The equation is as followst SR S

Tt A ey By ox

V, .4

OASPL = 10 lag et R - R
K" L *

With cfb = 1/AR this can also be ewxpressed as:
OASPL = 40 log Vig = 20 log b + 10 log (WICL} ~ 10 log AR + 6.4

For any given aircraft in level flight, the 0ASPL can be obtained by substituting
for Cf, and expressing speed in feet per second instead of knots which reduces the

equation to:

QASPL = 60 log V + 10 log § - 20 log h -~ 10 log AK - 32

Where: th = Velocity in knots V = Velacity in fps
¢ = Mean chord in ft 8 = Wing Area in f\:2
W = Weight in 1b h = Distance from an observer in ft
€, = Coefficieat of lift AR = Aspect Ratio

b = Span in ft

Figure 9-1 shows the aerodynamic noise OASPL for an arbitrary wing area of 600 ft?
and aspect ratio of B as a function of aircraft velocity for various distances
between the aircraft and ground nbserver. A uniform directivity pattern is assumed.
Noise is reduced & 4B each time the distance is doubled for distances within
several thousand feet, and increased 18 dB each time speed is doubled,
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{U) FIGURE 8-1
TOTAL AERNDYNAMIC NOISE OASPL
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{U) ‘The method for predicting the total aerodynamic noise spectrum was also
developed from Reference (37), This method involves, first, calculating a prime
frequency determined as:

fprime = 1,1 v/t

Where: fprime = prime frequency
t < mean wing thickness in ft.

V = aircraft velocity in fps

Then the one-third cctave band sound pressure levels (SPLs) are calculated sccording
to the aon~dimensional aervodynamic noise spectrum shown in Figure 9-2. Thils figure
axhibits the relation belween OASPL and the one-thled octave band SPL for commercial
and military aircraft and a low drag glider type aircraft., The spectrum are based
on Reference (37), but the commercial and military aircraft spectrum is a modififca~
tion to more accurately reflect the measured noisa data.

(U) The prediction method also requires further correction of the spectrum
for atmospheric attenuation as explained in Reference (40).

9.1.2 TIP DRIVEN FAN PROPULSION NOISE - (U) The prediction of propulsion nolse at
low power settings created considerable problems since the majority of enpine test
data, directivity index (DI} curves, and propulsion noise prediction methods are
based on operation at full power.

(U} FIGURE 92
NONDIMENSIONAL AERODYNAMIC NOISE SPECTRUM
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(N1 After a comprehensive literature search, a wethod for predicting the
spectrur shape of tip driven fans at lov power settings was developed. The method
caleulates the fan and jet noise separately and then adds them logarithmically to
produce the total tip driven fan spectrum, The steps are as follows:

iy,

2 5 e S e

(1) (U) fThe prediction method of H, D. Sowers, Referepces (41) and (42), is
used to predict the 100% RPM overall sound power level (DAPHL) source noise of the
fan, based on no iaternal desipn features to reduce noise. This method {s based on
energy flux and other fan parameters as noted in Figure 9-3, Different type fans
and compoessors are spotted on the curve and show good correlation with the analytical
CuLve,

{U) FIGURE 9-3
FAN AND COMPRESSOR NOISE

100% Statle Thrust
150
VTOL
o 140 Lift Fan
| 119 CJBO5.23 Fan ¢}
Prmrrrim——————y
o~ Campressor P
an
“ZTs 130 e S | 2
o I Q vTOL b
—— o Compressor
A ilch Fan ]
- 120 ‘
®
=
<L OAPWL = Qvorall Power Loval - dB
o 110 vToL Ay = Annulus Area - 112 —
5 Rotar-Stator n&ypm
Fan B = Number of £an Bladus
=]
- 100 T Dy/Dy = Fan Hub to Tip Dia Aatio =
) Lakarstory Energy Flux, X« Hy x W
é 90 O Compressor A,
b G Window Hy = Fan l?lscharne Taota! Enthalpy - Btu/lb
W= Fgn Air Flow - Ib/sec
Fan
80
0 2 4 6 2] 10

Energy Fiux - 1000 Btu/sec/sq ft G D e

(23 (WY To this DAPWL, a corrveclion factor of +b dB is added vhiich corrvennone
to measurcd data of tip driven foans haviygy ne internal desipgn dconstic eptinisation
(rotor-stator spacing, stacvor lean and nuwbor of blades amd vanes) al DHHY boeer,

3
|
i

. (1) (L) This UMUL is pextl correctad for opervalion at otber Lhan 1907 3t by
4 ueilizing the OAPWL vs Percent BPM cavve of Flooare =4 which is based onomeanared
data,
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(V) FIGURE 94

OVERALL SOUND POWER LEVEL vs PERCENT THRUST AND RPM

For Tip Driven Fan and Turbofan Power Plants
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(4) (U) In order to determine the fan DASPL at any distance and azimuth anple,

the OAPWL is corrected for spherical spreading, directiviby indox,
and internal design optimization. Atmospheric attenuation will be
the actual speetrum. The dB correction for spherical spreading Ls
-10 Log(4sh~), where h is the distance in fU to the observer. The

number of fans
applied later to
defined as

dircotivity index

correction was develuped from measured data, TFigure 9-5, and repreosents power

settlngs between 43 and 100% RPHM,

The dB corvection for the number of fans

Ly

Fr

+10) log E, wheve E {s the number of fans. The corrections, based on measurcd data,
for optimum rotor-stator spacing, stator vane lean and number of blades and vanes

are =4, =3.5 and ~1.5 dB respectively., Thus, Lotal internal optimlzation results

in a -9 dB corrvetion. Now, the absolute fan DASPL al reduced power for any distanee
amd azlmueh angle fs available, excluding atmospleric attonuatien,
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(U} FIGURE 95
FAN DIRECTIVITY INDEX CURVES
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(5} (U) Optimum internal configuration tip-driven fan spuectrums for the 5
minimum power setting (43% RPH) used at qulet speed and various azimuth angles are

shown in Flgure 9-6. They are based on measured data, Reference {(47), and are shown
for a fFan with a fundamental blade passage and second harmonic frequeney of ;
approximately 4000 and 3000 llz respectively, Additional data Indicates that at :
lov power settings, the intensities at the fundamental and second hoarmonice frogquens

cles attributed to blade passage are nob sipnificant. Therefore, ne vorroction needs

to be applied for other fans with diffrent fundamental and sccond harmonic

frequenclies at these low power settings. The spectrum for [an nelse only is piven

absolute levels by assigning the calcor lated UASPL in Step (4) abuve tu the appropri-

ate azimuth O0ASPL level noted in Figu ¢ 9«6,

TS T
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(6} (U} Next, the jet noise from the fan exhaust is determined, based on
References (44) and (45). Roference (44) predicts the maximum jet noise of hot jets
at a sideline distance of 200 ft (equivalent to a slant range of 400 ft) and an
azimutlh angle of approximately 150°. A line representing the term OASPL -10 log(p?A)
is shown in Figure 9-7 as a function of jet relative veloclty Vg (jet exit velocicy
minus Flight speed) for the range 1000 to 4000 fps. The jet demsity {(p)} is caleula-
ted from:

P = W/a.\.VJ
Where: W is the flow rate in 1lb/sec

A is the jet nozzle area in ft
V. is the jet exit velocity in fps

J
{U} FIGURE 9.7
NORMALIZED JET NOISE vs JET RELATIVE VELOCITY
Jet Noise = Maximum Passtry OASPL
170
4”’#’“
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() TReference (45) predicts the neise of cold jets (which reflects jet dunsity
chianges) and compares it to that of hot jets al a shorter sideline distance of
100 ft, equivalent to a slant range of 200 ft., and an azimuth apgle of approsimately
150°. Figure 9-8 represents tho jet molsa uas n function of jet relative velacily
for the lower riange of 400 tu 1000 fps. The SAL curve shown in Figure 9-% is «
linear extrapolation of the curve shown in Figure 9=7 with an adjustrnenl of +6 4B to
ascount fer the shorter distance, The jet density cnrves are not extended above a
relative velocity of 1000 fps because most tip driven fan jet relative veloeitiv:
dn not exceed this value, Therefore, the tip driven Fan jot density is .« tleulac o
as shown abuve for the selected Fan MW, and the line on Fipure 9-3 represen me tow
jet density closest to this caleulated deasity ©bs used toodetermine OASPL &
distance of 200 Ft. and 150° azimuth. This OASPL is couvertud to Quersil ...t

Level at the source by adding 57 dB to account for the 200 fr. distae , and DB
to account for the directivity index for 1500 azimuth at lov puwer seti.ngs,
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{U} FIGURE B8
SOUND LEVEL AS FUNCTION OF JET VELOCITY

200 F1 Slant Range, 150°Azimuth
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(7y (U) The jet noise OASPL at any cther distance and azimuth angle may now
be calculated by vorrecting the OAPWL for spherical spreading by subtracting
10 log (4wh2), The correction for azimuth angle is obtained from the 30T thrust
curve of Figure 9~9, taken from Reference (46},

(8) (U) The octave band spactrum of the jet noise is caleulated by the pro-
cedure described in Referance (44). This techunlque requires the calculation of the
Strovhal number for each octave band, (8¥n), from:

3t fn

B SN 2 e
. !
n ¥ Rj lllt_2

Where: fn is the geometric mean froquency in Mz for the particular octave band

V, is the jet relative welucity in fps

b is the effective diameter ol the jel exhaust (noezzle diancter in fo0).

(G) The jet noise abse e octave bamd 5PL Qs determined by adding the iz
speclrum E(SN) showu in Figuw  %=: ' vreom Bedverence +34) for e octave baal, Lo
the DASP® calculaked In Step (B, The cav—-Whivd octave bawd is obtained bie sub-
tracti., 3 dB from cach ogiave bimd,
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{U} FIGURE 29
" JET DIRECTIVITY INDEX
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() (U) The separate spectra of fam and jet neise for the same fan RPN,
distance, and azimuth are now added logarithmically to obtain the combined tip
driven fan spectrum. This is then cortected for atmespheric attemuation as described
in Refarence (40).

9.1,3 INTAKE DUCT ATTENUATION OF PROPULSION NOQISE ~ (U) A literature search,
References (47) through (52), was made to evaluate the attenuation provided by
unlined (no acoustic treatment) wetal ducts with and withoul Leuds. The total
attenuation provided by unlined ducts is a fumction of: (1) the tramsfer of acou~
stical energy to the duct walls, (2) the sound reflected by bends, and (3) the
reflection of sound at the open end of the duct.

(U) Duct attenuation is provided by energy absorption due to dampimg im the
walls, In general, soft~walled or flexible ducts absorb more acoustic emergy and
provide more attenuation than stiff walls. The wails of rectangular ducts tend to
be less rigld than circular ducts. The attenuation provided by rectangular sheet
metal duct walls may be estimated by Figure 9-11 from Referemce (477, An illustra-
tion of attenuation for cireular ducts of 4 to 12 inch diawater is shown in
Fipure 9-12 from Reference (43),

{U) FIGURE 9-11
APPROXIMATE ATTENUATION IN BARE RECTANGULAR SHEET METAL DUCTS

F
Duct { Size, in, f— requency, Hz
20-75 | 75150 | 150-300 | Above 300
Attenuation, dB/ft

Smail fx®8 0.2 0.2 0.15 0.1
Madium | 24 x 24 0.2 0.2 0.1 0.05
Larga 72x72 0.1 0.1 0.05 001

GPid DOLY 74

{U) FIGURE 812
APPROXIMATE ATTENUATION IN BARE ROUND RIGID METAL DUCTS

D Diameter Frequency, Hz
uet s .
28, 0. | Below 1000 | Above 1000
Attenuation, dB/t
small | 41012 003 | 04

24 000 4o

(1) The attenuation provided by unlined Y09 bends is also small, as shown in
Figure 9~13 from Referunce (49), since in Lhe absence of any sbharp mismatch of
impedance which would reflect sound enerpy, thero is ltittle to prevent the sowd
from flowing around the bend. Although lictle data exists reparding the attenuilion
of bends less than 909, as an appreximacion one may assume that the attenuat ion is
proportional to the angle, sece Reference {50). For example, one may estimate thye
attenuation of a 309 bend to be one~third that of a 90" bead.
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{U} FIGURE 913
APPROXIMATE ATTENUATION OF ROUND ELBOWS

Diamater or Cctave Band Center Frequency, Hz
Dimansions,
in. 63 | 125 | 250 | B0O | 1000 { 2000 | 4000 | 8000
Attenuation, dB
510 1) a 0 [¢] t 2 3 3
11-20 4] Q 0 1 2 3 3 3
2140 0 V] 1 2 3 3 3 3
41-80 4] 1 P 3 3 3 3 3

GPTe 000D 76

{U} End reflection losses occur when a duct opens abruptly into a large space,
and vary with the frequency of sound and with the size and shape of the duct opening.
These losses occur because the sudden enlargement of the duct to Epace acts as a
sound reflecting barrier, These losses are explained in Reference (49) and are
shown in Figure 9-14. The duct size used to calculate the end-reflection losses is
that which exists several wave lengths before the opening.

{4 FIGURE 8-14
END REFLECTION ATTENUATION

20 1

Round Duct Cha, or
Sguare Root of Area
\ of Buectangular Duct

10

End Reflection Attenuation - decibels

63 125 250 500 1000
Mid-Frequency  H» el
191 of 223 ASSIFIED
MCDONMYELL AIRCRART COMPANY
DECLASSIFIED Unclassifie

9-13

ERE T ()




DECLASSIFIED o Unclassified

. . REPRHT MDC A2658

1 UNCLASSIFIED VOLLME IC
4 9.2 NOISE OF FLAPS AND STORES

{U) The predominant source of noise of the Quiet Attack Alrcraft at quiet speed
is aerodynamic noise. For minimum nolse, an aerodynamically clean alreraft is
requived - oue that eliminates or minimizes noise~inducing separated alrflow. This
would indicate ne use of high 1ift devices {flaps) and no external stores. However,
flaps may eventually be added to improve takeoff and landing performance with exter—
nal stores, in which case the f£laps could also be used to reduce quiet speed 1f the
flap noise is not excessive. External bomb carriage is most desirable to greatly
increase the payload over what can be carried in the fuselage intornal homh bay.
Thug, there is a definlte need of predietion methods to accurately estimate flap and
external stores woise spectrums which can then be added to the clean alrcraft spectrum
to determine detection range. Radiated aerodynamic nolse data of flaps and external
stores are either very limited or nonexistant. Development c¢f accurate prediction
techniques for the noise spectrums of flaps and steres is a complex task which will
probably require extensive measured data for correlation.

9,2,1 FLAPS - (U} The noise of flaps is similar to that which occurs when airflow
impinges on an oblique surface. An extensive literature search of blown flap noise,
References {53) through (68), and jet impingement noise, References (69) through
(75}, was made. It appears that DASPL flap noise is a function of the sixth power
of the velocity, is highly directinnal and contains cousiderable low frequency

{less than 1000 Rz) energy.

(U} Data on radiated aerodynamic noise generated by deflected flaps are
presently limited to the following:

o Effective perceived noise level (EPNdB) data, Reference (68), of the Boeing
727 and Boeing 747 commereial aircraft with flaps and landing gear extended.
Increases in noise of 10 to 12 EPRAB sver that produced by a clean aircraft were
stated. Boeing has spectral data but has not published it, Effective perceived
noize level is a single nuwber of rating 'moisiness” or “annoyance" of an aircrafc
flying uvverhead, and is based on the calculated loudness level of the noise plus an
adjustment for duration and pure~tone coatent. The problem is that there is no way
te start with a single number for noise such as FPHdB or Pidi and work back tu
determine the corresponding noisc spectrum. Basides being a one-number rating
unik, the increase in EPNdR stated in Reference (68) included both flap and gear
effects but not flap eff cts alomne.

o LEPNdB data, Reference (38), of the Lockheed C-5A alrcraft. The test results
indicate an increase of approximately 9 ETRAB with both flaps and gear extendod.
Tests of each of these items extended individually indicate that wost of the noisc
increase is a result of the gear and not the flaps, Lockheed postulates that the
inherent gevmetry of the C-5A's flaps may Limit flap noise generation.

3 (U) The NASA Flight Research Center at Edwards Adr Foree Hase is currently

k- measacing the aerodvnamic noise of airplancs with their engines throttled back or
turned off, and with thelr flaps and landing gear in various posltions, The tusts
are to include a twin-engine propeller—driven aireraft, a fosr-engine jel esvoubive

- airceraft and a four-engine jet transport. The program is aimed at distinguishing
; the various sources of aireraft acrodvnamic noisc. Test results are ol available
2 yet.
:
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(U) Limited available data of noise gencrated by flaps of aircraft indicate
that the flaps could increase the total radiated OASPL noise by very litgle to as
much as 12 di. Until additional data of Elaps of varlous size and type become avail-~
able and is correlated with data of blown flaps and jet impingement noise, accurate
prediction methods of aireraft with any type of flap will be quite difficult.

TN el B

%

9.2.2 STORES - (U) Aerodynamic radiated noise spectrum data of bombs and of air-
craft with extornal hombe installed arve nonexilstent, Bowb related data, References
(76) through (86), is limited to surface measurements cf the boundary layer fluctu-
ating pressure on bombs at transonic rather than low subsonic Mach numbers. The
approximate surface nolse of fully turbulent boundary layers that contain no .
separated reglons has been defined by wost theoretical and experimental investigators,
References (87) through (102), at high subsonic (greater than Mach 0.8) and transenic
Mach numbers as:

OASPL = 20 log q + 83 = 10 log q- + 83

Where: OASPL is the surface overall sound pressure level in dB and q is the
dynamic pressure in lb/it

It has been found that local surface boundary layer pressure fluctuations on bombs
may be as much as 25 dB greater if the flow is separated. The above expression for
unseparated flow shows the surface OASPL to be proportional to the fourth power of
velocity at Mach numbers greater than about 0.8. On the other hend radiated sero-
dynamlic noise of aireraft, airfoils and bodies has been found to be proportional

to the sixth power of velocity for Mach numbers less than 0.3, This suggests the
possibility of a situation similar to that for jet noise in which low velocity jet
noeise is proportional to V° and high velocity jet noise is proportional to V-, An
obvious technique for predicting radiated serodynamic neise Erom_extergal bombs

would then be to allow a dependence upon velocity to vary from v0 to V' with increase
in Mach number, and to follew the method postulated in a previous Technical Reporl,
Reference (103). This is to determine the surface noise per unit arca for each
section of the store, integrate the noise over thé section, logarithrically add the
noise of each section, and then apply spherical spreading and atmospheric atteauation,
Such a technique, however, may not cover interference noise between the bomb sus—
pension system and the wing unless there is separated flow on the bomb. In any
event, lack of measured dala for correlation prevents the establishment of & high
degree of confidence in any current prediction technique.

(U) An attempt was made to relate the radiated aerodynamic noise of "divty"
aireraft having protubercnces other than bombs (landing gear, sensor housings, ele.)
to an aircraft with bowbs attached. Reference (37) contains measurements of alr-
frame noise of a Cessna 150 with fixed landing gear. The noise of this "dirty"
aircraft was approximately 5 dB higher for all frequeneies over that predicted for

4 a4 clean aircraft. The geometry o’ this gear slructure, however, is not similar to

k: bombs and, consequently, it is difficult if not impossible to relate this noise to

“ an aircraft with bombs. Measured data of the YO-3A aireraft, Refervnce (104),
indicates an increase in noise of several dB for most frequencies when the mission
equipment (illuminator and periscope) is installed. MHowever, the radiated noilse of
the clean aircraft Is controlled by propulsion noisc, and the addition of the mission
equipment imposes an approximate 20% increase in horscpower requitement of Lthe ungine.
Since the propulsicn system dominates part or possibly all of the nodise spectrum
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for both conflgurations, the actual effect of the mission equipment on aerodynamlc
noise cannot be determined.

(U It is apparent that the radiated nolse of stores is very complex. Lack
of measured radiated zerodynamic noise data of bombs slows development cf a
prediction method, It is probable that a drag term uneeds to be incorporated inte
the empirical radiated aerodynamic nolse prediction equation in order to estimate
the effects of "dirty" aireraft,

Rttt e it

9.3 ACOUSTIC DETECTION RANGE

(U} As the distance between the alrcraft and observer increases, the specctrums
for aerodynamic and propulsion noise rveaching the observer become progressively
wcaker, in terms of dB for each one-third octave band, due to the coubined attenu- o
ation from distance and atmospheric absorption. The acoustic detection range is : j
defined as the slant range at which the received spectrums from the aircraft both
fall completely below the spectrum used as the detection ceriteria. This condition
is illystrated by Figure 9-15, wheve the dotted spectrum is the noninal detection
criteria used in this study and zepresents the hearing threshecld of am average scldier
with no background noise arocund him.

L S T T

(U) When there is background noise heard by the observer the backpround noisec
spectrum is higher than the observers threshold of hearing spectrum, and this is
illustrated by Figure 8-16 for different background ncises. The “Virginia Coast"
spectrum represent: light surf breaking on a seashore 175 ft. away from the observer.
The “Iypical Wet Day Juagle" represents the noise of insects and dripping moisture
on the floor of a tropical jungle in Panama. Although this jungle spectyrum is
sometimes advoecated as a detemerion criteris, it is unot comsidored valid since most
of it lies below the average hearing threshold and ti:us could not be heard by an
average observer, Audible background noise reduces the acoustic detection range
because the aircraft must be cioser and therefore noisier, to be heard over the
background noise,

(i) There are a number of other factors which act to reduce the acoustic
detection range, but wrich have been conservatively neglected in this study. Gue
is the aircraft noise attenuation due to deep gruss or foliage, which is most
effective when the aircraft is at a low elevation angle from the obscrver. Another
is the turbulent boundary layer of the earth, extending up to abour 1500 fu. abowe
ground level. Still another is a whole class of psychological factors such as thu
observer being under stress, concentrating on some work task instead of listeaing
intently, or the similarity between the dominant aerodvnamic noise and the soud
caused by the wiad blowing.

9.4 NOLSE ANALYSIS OF QUIET ATTACK AIRCRAFT MODEL 226-458

= Due to the new propulsion system characteristics and quict speed, the
aerodynimic and propulsion noise and detection distances previously determined tor
Model 226-434A were recalculated for Model 226-458 for a clean alrerafl with
internal bombs oaly.
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(U) FIGURE 9-15
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= The aerodynamie noise parameters of this aireraft, Model 226-458, are:

combat woight (W) - L4223 1b,, wing arca (8) - 400 £t2, wing aspect ratio (AR) - 8,
and mean wing thickness (&) - 1,06 ft. The aircraft was evaluated at velocitiles
ranging from 98 to 445 knots corresponding to coefficients of 1ift (CL) of

1.165 to 0.057, respectively. 98 knota is 1,2 V§TALL and 445 knots is top

speed at 2500 fr. The calculated aerodynamic OASPL's and prime frequencies, and
cotresponding alrcraft speeds and coefficients of lift arve compared in Figure 9-17
for a distance of 5000 ft. The resultant aerodynamic noise spectrums, as well as
the propulsion noise spectrums, at a distance of 5000 ftr and azimuth auple of 30°
are shown in Figure 9-18. It should be noted that measured data of radlated aero-
dynamic noise has been measured only up to approximately 200 knots, bub fow Lack
of anything better the seme prediction method has also been used for higher speeds.

=O=F |GURE 8-17
AERODYNAMIC NOISE AND PRIME FREQUENCY
2500 Ft Altitude BQG0D Ft Distance

Velocity | Coefficientof | OASPL | Prime Fraquency
3 Knhats Lift dB Hz
98 1.165 a4 173
' 115 0.857 48 202
" 150 0.503 55 264
‘ 250 0.181 &8 459
. 350 0.092 77 613
% 445 0.057 a4 781
; U9 00RY BY

e

mides The spectrums in Figure 9-18 include the effects of atmospheric absorption
and show that serodvnamic noise is the predominant source that controls detectability.
The aerodynamic noise veries with the sixth power of the flight velocity and
increases approximately 40dB as the tlight speed increases from 98 to 445 kuote.
b - Tile fan portion of propulsion noise is dependent on the power getting of the engine,

i Flight speeds from 98 to 445 knots require power settings of 50 to 97 fan RPM
respectively, which result in a fan noise increase of 10 dB. The jet exhaust veleoeity
of the tip driven fan for the same speed range incrcases from 450 Lo 850 Fps; however,
the relative jet velocity, which determines the jet portivn of ihe propulsion npise,
deereases from 284 to 98 fps and results in a Jot neise reduction of 37 dB. The
horizontal dotted lines for propulsion noise at 98 and 113 knots represent jet
noise, which effectively disappears at higher speeds.

TN LT

PRI

- et ok

oo Rt rRbiel st

b i3 == The propulsion noise of this aircraft is gencrated by the two tip drivuen
: ’ fans., The propulsion system noise parameters that are independent of aircraf:
speed are: design pressure ratio - 1.5, aumber of bi~des - 41, annulus area -

2,18 Etz, tip diameter -~ 23 in, hub diameter/tip diameter - 0.5 and internal design
optimization., The fan noise prediction method requires caleulating the noisc al
full power and correcting For opevation other than 100X RI'M. At Tull power the

1 remaining design parameters are fan airflow - 85 Ib/sec per toam and fan enthalpy -
k: 140 Bru/lb.

e
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w@e |GURE 9-18
AERODYNAMIC AND PROPULSION NOISE SPECTRUMS
Model 226-468 at 5000 Ft Stant Range

80
Aerodynamic Noisa
445 kts
/ 0 kts
/- 250 kts
/ 180 kts
/' 116 ks
% 98 kis
EQ
dB 40 \\
20 |
\Tgulsmn Naoive
445 kis
350 x1s
— 250 kts
160 kts
1158 kis
8B kis
] ! .
125 500 2000 8000
One-Third Octave Band Center Frequency - Hz 4100 14 OO 0

=¢34 Fan RPM and relative jut parameters that are dependent on aircrafe speed,
and the corresponding fan and jet propulsion noise at a distance of 5000 &, and an
azimuth ungle of 30° are shown in Figure 9-19, The method in Section 9.1.2 was
used exclusively to determine the propulsion noise at low power settings (fan RPN
51% and less). At Fan RPM greater than 517, revised spectrom shapes similar to
those in Figure 9-6 were developed. Fipure 3-20 shows these v vised Fan spectriuns
Eor azimuth angles 10 to 502 at dJdifferent ranges of fan RPM. They are based on
measured data from Reference (47), and the spectrum at the low RPM ranpe is the
same as the 10 to 50° azimuth angle spectrum shown in Figure 9-4, The 806 to 1002
RPM spectrum represents a fan with a [undamental blade passage and sccond harmonic
frequency of 4000 and 8000 Hz respectively.
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i siier | GURE 9-19
‘ ‘.-l PROPULSION SYSTEM PARAMETERS AND NOJSE
' J (2
g Afrcraft | Parcant £an E’za)n Rﬂ:;i\m Jat
o Velocity | Fan | OASPL | Velocity | OASPL
R tknots] | id8) (fps} | tdB}
e
_} o8 80 6.225 &1 284 32
k. 115 415 | 8010 50 236 | 268
150 51 6350 | 815 196 19
50 69 4,600 5.8 178 16
350 gs |wgoe | ses 158 12
445 a7 12,070 J ral 3131 0

4 000N R

iU} FIGURE 9-20
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w@d= The attenuation provided by the relatively long (14 ft.) inlet ducts
before using acoustic treatment was estimated to be less than 1 4B fox frequencies
between 250 and 1000 Hz and less than 3 dB for freguencies greater than 1000 Hz, With
the addition of acoustic treatment, the resultant prepulsicon nolse spectrums at a
distance of 5000 ft, and an azimuth angle of 30° are as previcusly shown in
Figure 9-18. The attenuation due to duct acoustic treatment is equivalent to the
same amount shown in Figure $-21 taken Erom Refercnce (1). This amount of treatment
ie mearly optimum at quiet speed operating conditions, where a configuration is
definad as optimum when the propulsion noise is no more detectable than aserodynamnic
nolse,

- GURE 9-21
PROPULSION NOISE REDUCTION BY ACOUSTIC TREATMENT
5000 Ft Distance
850 l
\ Avarafie Theashold Without
\ f of Hearing /_ Treatment
40 <_
\ /
N / /
20 = i ?A‘// f/
m Propulsion / I
© Noise — !
20 Nl P f
>/ /
T. Vi
b 10
_."‘. With Treatment ——/
F 0 e
:] 32 83 125 250 500 1000 2000 4000 8000
. One-Third Ogtave Band Center Freguency - Hz R
;=
) ." . MCDONNELL AIRCRAFT COMPANY =B
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9.5 NOISE ANALYSIS SUMMARY

(U) Aerodynamic nolse is the prime concern in regard to acoustic detectabilicy,
since noilse from the fans of the propulsion system can be suppressed with sufficient
aconstic treatment. The aerodynamic noise generally most critical is in the
frequency range of 100 to 400 Haz.

3% 1[_‘3{;‘ N

wpidems Figure 9-22 compares the detection slant and ground ranges for the Quiet
Attack Afrevalt (Model 226~458) at various flight speeds and baciground noise
levels, AllL data are based on a clean approaching aircraft at 2500 f£t. above grouad

le\"t?.l .
=N IGURE 9-22
SPEED AND BACKGROUND NOISE ERFECTS ON ACOUSTIC DETECTION RANGE
Stant Range/Ground Range (Ft} for Mode! 226-458 at 2500 Ft AGL
Background Noise Criterie
Airgraft ( b -
Speed | None {Avarage Early Morning - rver in
{Knots} Threthold of 6-1w'.’-h:1;ph Surf cg'}?x:z' ’ 1 mTfrtucAl; 2 Yruck at 50 mph,
Hearing} 175 ft Away 4 ¥ Window Open
o8 5,400/4,780 3,870/2,960 1.590/0 a833/0 125/0 17/0
115 8,100/7,700 5,600/5,000 2,580/642 1,480/0 204/0 26/0
160 14,500/14,300 | 11,000/10,700 5,200/4,570 2,760/1,150 513/0 47/Q
250 * 27,500/27,400 | 15,500/15,300 6,600/6,100 2,480/0 142/0
350 * * 26,000/25,850 | 13,600/13,300 5,200/4,660 364/0
445 * * " 21,000/20,800 | 9,600/9,150 G80/0

‘Datection ranges greater than 36,000 ft are not shown hare bacause pradiction techniquas can be perticulerily inuccurate as a result of
the appractable temparature and wind gradigns, atmospharic turbulancs, end groued mifgcts at such large slant rangss.

P Ja 0000 6

wegdem The acoustic detection ranges vary significantly with alreraft specd and
as the background noise rises above the average threshold of hearing spectrum, All
the background noises, except for the 6-13 MPH wind and the early morning surf,
make the aircraft inaudible at flight speeds ranging from 98 to 115 knots. As the
speed of the aircraft inereases, higher background noise levels are required to
make the aircraft inaudible at the same flight altitude,

s S]ant ranges shown greater than about 7800 fr. in Figure 9-22 are somewhat
conservative because excess pround attenuation, Refercoces (105) and (106), at low
angles of elevation between the observer and the aircraft was not included. The
excess ground attenuation is a result of the scattering of the noise signal in the
turbulent boundary layer near the ground and the ground absorption as the sipual
passes over tie ground. The smaller the elevation angle, the greater the attenuation
and the greater the effect on the detection distance. LExcess ground attenuation

78 effects were not included becausc of the limited available data and the large

B variation of existing data at the distances involved.

b
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APPENDIX A
ATMOSPHERIC CONTRAST TRANSMITTANCE

(U) The material in this sc-tion is concerned only with the development of
Equation (1} in Section 7 delining stmospheric contrast attenuation whem the
attenuation length and background sky luminance are constant over the path of sight.

() As was mentioned previously, the apparent luminance (brightuess) of a
distant cbjecr is the sum of twe independent compoments: (1) the residual image
Forming light from the object that has traverseo the atmospheric path without having
been scattered or absorbed, and {2) the additional light arriving at the observer
that is attributed to the scattering of ambient light throughout the path of sight,
including sunlight, moonlight, skylight, earth-shine, ete, The first component of
light econtains information concerning the object whereas the second component,
depending on scattering and absorbing processes throughout the path of sight, is
independent of the nature of the object.

(U} The apparent luminance of an object when viewed at a distance is thus:

tBr(z’O’d) = Tr(z’zt’o)tBo(zt'@’d) + B*K(z’zt’o'é) (Al)

where the notation is explained in the footnote.®

(U} #The svymbol for luminance is B and the symbol for the direct atmospheric
transmission of a light beam Is T. We assume herein that T is independent of
azimuth sngle. The altitude of the cobserver is denoted by z. The direction of any
path of sight is specified by a zenith-angle 0 and an azimuth angle #, the direction
of view being directed upward whem 0 < J < 7/2 RADIANS, The subscripts t, =z, U,
and # are always written as parenthetic attachments to the parent symbel. When the
post subscript r is appended to any symbol, it denotes that the quantity periains
to a path of lIength r. The subscript letter o always refers to the hypothetical
concept of an observer located at zero distance from the object as, for example,
in dencting the inherent brightness of a surface. Pre-subscripts identify the
object, thus the pre-subscript b refers to background, and t to object or visual
target. Thus, the inherent brightness of an object t at altitude z¢ as viewed in
the direction (0,4) is tBglzr,0,4) and the corresponding apparent luminance of the
object as obgerved in the same direction (1,¢) at the observer altitude z is
tBr(z,0,8) where zp = z + r cosl. A post-superscript # is attached to the path
luminance terms as a symbol signifying that the brightness has been generated by
the scattering of amblent light reaching the path Erom all directions. Thus
B¥(z,z¢,,B) is used to denote sky luminance along path length r between altitudes
z and z..
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{(U) The inherent contrast of an object and its background is, by definition:

C (5,0,4) = £B (% O ) _ B (%, 0, )
° b30(23 8, $) (A2)

(V) The corresponding definition for apparent contrast is:

Cr(zsasd) - tBr(z' gy §) _ bBr(-"h 8y ¢)
TE 6D )

(U) The apparent and inherent background luminances are related by:

bBr(z’B’é) = Tr(z’zt’ a)bso(zt'e’d) + B?(z,zt,a,é) (A4)
where
z
T, (2,2,,8) = exp -fsec6 dz (a3)
E t Zt """""‘"‘"’L(z)

vhere L{z), the attenuation length, 15 a function of altitude., If Equation (A4) 1is
subtracted from Equation (Al), the difference divided by B, (2,0,#) and the result
combined with Equation (A3), the following result is obtained:

Cr(z,agd) - Tr(z’zt'O) bao(zt’e!d)
RCA N

G, (2,+0,4) (46)

(U) Equation {(A6) is the basic equation defining atmospheric contrast
transmittance, The values for Intrinmsic background luminance, pBofzt,0,6)}, apparent
background luminance, yB,(z,6,8), and atmospheric transmittance, T,(z,z;,0) are
inputs needed te calculate atmospheric contrast transmittance. The input values are
usually obtained directly from atmospheric measurements or from atmospheric models
based on direct measurements.

(U) In the special case where the attenuation length and background luminance
are constant over the path of sight, such as For horizontal paths of view, Equation
(A5) becomes:

- (z~zt) secl

Cp(z,0,8) = Cy(zg,0,4) exp (A7)

g L(z)

In other words, for this speeial case, the atmospheric contrast transmittance is
the same as the direct atmospheric transmission of a light beam.
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APPENDIX B

FLIR SPATTAL FREOUENCY ANALYSIS

(U) Development of the spatial frequenmcy analysis will be bused upon the notion
that the FLIR imagery can be represented by Figure B~1l, Here the imagery is
such that it can be considered to be a periodic zcene along the scanning axis,
Figure B-2., Let
£{x,y) = scene Iintensity at each point (x,y) {Rl1)
Assunming a definite detector shape, the integrated scene intensity for the

detector at a given time "t" is

o o
i{ke,kp) = [ f h{ &kt-x,kA~y) £(x,y)dxdy (B2)
Ed -0}
Where
h(x,y) = detector scanning aperture point spread funection (B3)

% = pean velocity in radians/second

t « time in seconds

4 = center to center detector separation (this would allow over
and underscan)

Eq. (B2) can be written as

i(kt,kd) = '3’;1 QH(RS’RE) F(R, Ry (&)

sl
Jith the notation that

Rs = gpatial frequency veector in the scan direction

P? = gpatial frequency vector in the nonscanning direction
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{U} FIGURE B-1
FLIR PERIODIC SCENE
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Where
x yi } = two dimensional Fourler transform (B5)
L]
Eﬂ;l R { } = inverse two dimensional Fourier transforn (B6)
¥ —
83
and
o @
HR , Rg) "=f f hix,y) emjansx —jZ“R"S‘Y dxdy (87)
& L Bl
/2 =

~j2uR = ~jIwR vy

1 £{x,y) e s ¥ gydx (88)

F(R, R) ==
(s"§‘ X

>?“"‘w

—

3]

The spatial content of the kD detector scan line can be arrived at by consi-
dering the scanning mechaniem. With scanning only in the x direetion,

the waveform being an impulse along the y axis, the spectrum has the form

TR, R = LR SR ' (89
Hiere
Ik(RS) = "a“x {i(xt, ké)} (B10)
-1
=3 { Ry, R PR, R (B11)
.
- ,j.,:““‘s- R F(R,, R oI ¥"% (812)
Let
1, () = i(xt, ki) (B13)
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5 .
%; in order to simplify the notation. This function is now modified by the elec-
i
'%% trical impulse response to obtein the output video signal fov the kth detector.
N t
PR -
v () = f etr-t) 1,(6) dt (BLA)
ity e(t) = electrical impulse response (B15)
x
3zl

In order to continue, let each wideo channel (detector) be reproduced without sampling,

ah:
o

ooy

Furthermore, the time periocd for the periodic video channel waveform is

e

(B16)

Maint

T =

With this, the conversion existing between the spatial frequency, Rs, and the

£

i
N
=
3
k-

L temporal frequency, ft’ ia

ey

% % B

b £ e Rsx (817)
' ;3 Continuing, the spatial spectrum is modified by the electrical respomse for which
5 - (818
V(£ = E(£) I, (f,) )
ke

i Using Eq. (B17)and (818), the spatial spectrum to this point has the form

& Vk(R s R} =E (-3 Ik (R) 86(R) (B139)
% 5 F x s ]

7

J The image produced upon the display by a single scan line can be represented as
59

i @ =

5 s, (x, y) = [ [ wxt, y-9)v, (2, 9) avag (820)
‘ k —0 e k

w{x, ¥) = display scanning spot point spread function (B21)
;|

This 1s the integrated intemsity cbserved at each point {x, y) on the display

for the kth scan line. BRewriting this

f 1 27R x +§27R
'k(x- ¥) =J; “_!: W(Rs, R_g) Vk(RS, 0 ej X 3 3“" dRSdRE (B22)
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Substltuting in Ey. (19)

s, (%2 ¥) = f f R, R E(R) I, () » o3 7™g* TR dR_dR__ (823)

Extending this to a total of 2K + 1 scan lines, all of which are

considered to be evenly spaced along the y-axis, finds the displayed image

is

il N

g{x, ¥y) = 2. s, (%, ¥) (B24)

The spatial spectyum of this image is

3
L 3 - 2"’ ﬁ
8 GR , R) = 2Rk
j; s s er= -N Sp(Rgr R e o
?}; Where
4 - B26
5, (R, R = W(R,, RD ER) I (] ) (826)
Continuing
L 2
G, B = WR, R) B®Y Y L LR e (827)

S
O, Rg) = W(Ry» RY B(R) § 20 [f (R, R FR , )

= -

LSE - R_g)k:\dl‘i_] } (26)
5

Note that F.(Rs,ﬁ-s-) is the spatial spectrum of the scene and G (RS:R-g) is

the spatial spectrum of the displayed scene.

S GE
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APRENDIX ¢

QAA VISIBLE SURFACE PROJECTICNS

(U) The QAA visible surface projections were constructed from the QAA cross

section at the stations shown in Figure 2-2, These projections were bhased upon
the following restrictions;

o Zero azimuth aspect from the QAA nocse

o BElevation aspect angles of 0°, 1,8°, 3.6°, 7.2°, 14.5°, 307, &45°,
60° and 90° below the QAA nose,
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()} FIGURE C-1
QAA LEFT SIDE VISIBLE AREA PROJECTION AT 09 ELEVATION ASPECT ANGLE

{U) FIGURE C-2
OAA LEFT SIDE VISIBLE AREA PROJECTION AT 1.8° ELEVATION ASPECT ANGLE
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(U} FIGURE C-3
QAA LEFT SIDE VISIBLE AREA PROJECTION AT 3.6° ELEVATION ASPECT ANGLE

{U} FIGURE C4
QAA LEFT SIDE VISIBL.E AREA PROJECTION AT 7.2° ELEVATION ASPECT ANGLE
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(U} FIGUREC-H
QAA LEFT SIDE VISIBLE AREA PROJECTION AT 14.5% ELEVATION ASPECT ANGLE
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{U} FIGURECS

QAA LEFT SIDE VISIBLE AREA PROJECTION AT 30° ELEVATION ASPECT ANGLE
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(U} FIGURE C-7
QAA LEFT SIDE VISIBLE AREA PROJECTION AT 45° ELEVATION ASPECT ANGLE
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{U} FIGUREC8

s, QAA LEFT SIDE VISIBLE AREA PROJECTION AT 60° ELEVATION ASPECT ANGLE
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(U} FIGURE C9
QAA LEFT SIDE VISIBLE AREA PROJECTION AT 90° EL
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APPENDIX D

(U) GROUND~TO~AIR FLIR MODEL PARAMETERS

Initial Tnputs Symbol Inits
Adreraft Parameters )
Altitude AR Feet
Velocity AV Knots
Temperature ’ AT Deprees C
Emfagivity AE Unitless
Atmosphere Parameters
Sea Level Temperature SLT Degvees C
Relative Humidity RH Percent
Atmosphere Visual Range VIS Nautical Miles
FLIR Parametars
Zoom Factor ZF Unitless
Collecting Optics Transmission coT Unitless
Collecting Optics Aperture Diameter COAD Inches
Wavelength, Lower Cutoff WLC Centimeters
Wavelength, Upper Cutoff wugc Centimeters
Detectors in a Scan s Unitless
Detector Detectivity (D-Star) DSTAR CM*SQRT (HZ) /Watt
Detector Time Congtant nIc Second
Scanning Prism Rotational Speed SMRS Scans/Second
Scan Interlace Ratio SIR Unitless
Petector Elevation Field of View FOVELT Radians
Detector Azimuth Field of View FOVAZI Radians
Total Scan Field in Elevation FOVEL Degrees
Total Scan Field in Azimuth FOVAZ Degrees
Mreamp 3 dB Bandwidth BW Hertz
Preamp Damping Coefficient 0 Unitless
Video Noise Figure VNF Unitless
Area of Detector ADET Centimeters¥h?
Digplay Parameters
Observer Viewing Distance ovh Inches
Display Width it Inches
Display Height DH Inches

MNotes: 1. Atmospheric Attenuation Tables, ¥udson, Wiley, 1969.

2. Air Temperature versus Water Vapor Density, Selby and
McClatchey, AFCRL-72-0745.

3. C(Cocoa Beach atmospheric Radiance, Bell et al, Josa,
pp 1313-1320, December 1940,
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